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Abstract 
Titanium is the fourth most abundant metal on the planet, with superior mechanical properties 
that make it a desirable metal in manufacturing [1]. However, current manufacturing methods, 
often result in 95% of the material going to waste [1]. Due to this inefficiency and the associated 
high costs, titanium is often considered to be too expensive for most commercial applications, 
prompting the growth of research into additive manufacturing (AM). However, the mechanical 
properties of additive manufactured titanium can be undesirable and generally require 
appropriate heat treatments to improve the mechanical properties. 
The aim of this investigation was to determine how the mechanical properties of additive 
manufactured titanium Beta C could be varied through post-build heat treatments. This was 
achieved by assessing the difference between single and duplex-aging by characterising the 
respective effects on the microstructure and mechanical properties. The results collected from 
literature and experimentation were then compared to conclude whether additive manufacturing 
alters the outcome of post-build heat treatments. 
A gas-tungsten arc welder (GTAW) was used to manufacture the Beta C samples. Both the 
single and duplex-aged samples were solution treated at 850℃ for 20 min and subsequently 
aged at 450, 500, 525 and 550℃ for aging times of 1, 5, 8 and 24 hours. However, the duplex-
aged sample was also pre-aged at 300℃ for 24 hours. Vickers microhardness testing was done 
on each sample to assess the effect of aging time and temperature, and a scanning electron 
microscope (SEM) was used to observe the resulting microstructures. 
Analysis of the microhardness revealed that the hardness of both the single and duplex-aged 
samples increased with the increase in aging time, and decreased with the increase in aging 
temperature. However, overaging was observed to occur sooner in the duplex-aged samples, 
characterised by a noticeable decrease in hardness after 5 hours of aging, demonstrating that 
the duplex-aged samples achieved peak hardness before the single-aged samples. The images 
collected from the SEM further supported these results, by showing increased volume fractions 
of the α phase with the increase in aging time. 
Comparing the difference in hardness between the single and duplex-aged results revealed that 
the duplex-aged samples achieved greater levels of hardness on average. The SEM results 
supported this observation, showing a noticeably accelerated development of the α-phase 
precipitation, compared to the single-aged samples. This was believed to be a result of the early 
formation of the precursor β’ phase during the pre-aging step of the duplex-aging treatment, as 
this phase is able to assist in producing a more homogeneous distribution of the α phase. 
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Based on these observations, it was concluded that the major characteristic difference between 
single and duplex-aging is the enhanced development of the α phase during the additional pre-
aging step in the duplex-aging process. 
In addition, it was also found that results collected from both the single and duplex-aged 
samples exhibited similar behaviours to that of wrought Beta C described in existing literature. 
As a result, it was concluded that the additive manufacturing procedure had an almost negligible 
effect on the microstructure and mechanical properties following post-build heat treatments. 
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1 Introduction 
1.1 Project Background 
Titanium is the fourth most abundant metal on the planet, after aluminium, iron and magnesium 
[1]. Compared to these more commonly used metals, titanium has superior mechanical 
properties that make it a more desirable metal for manufacturing, especially in the aerospace, 
automotive and biomedical industries. These mechanical properties include its reduced weight 
(compared to steel), strength, high melting temperatures and corrosion resistance [2]. 
However, despite its abundance, titanium is often considered to be too expensive for most 
commercial applications. As a result, titanium and its respective alloys are almost exclusively 
used to manufacture airframes and aero-engine components in the aerospace industry [1]. The 
cost associated with titanium is predominantly a result of the complicated extraction and post-
processing methods required to extract it from the crude ore [3]. In addition, most components 
that are made from titanium are manufactured using machining processes, which result in 
significant quantities of wasted material. In some cases, the weight of the part that is 
manufactured can be as little as 5% of the initial forging weight [1]. 
The combination of high production costs and desirable mechanical properties have prompted 
the growth of research into alternative methods of manufacturing titanium. More recently, 
research has focused on the process of additive manufacturing (AM), and how it can be used to 
simultaneously minimise the material waste and the cost of production.  
Post processing is a necessity for many AM methods in order to improve the mechanical 
properties and the overall quality of the part. Normally, these post-processes involve heat 
treating or post-machining to remove residual stresses caused by rapid cooling and to improve 
the surface finishes. Depending on the composition and AM method used, the mechanical 
properties of titanium alloys can be modified by these heat treatments [4].  
Titanium alloys are categorised into three specific groups, alpha (α), alpha-beta (α+β) and beta 
(β) alloys. These titanium alloy groups are defined by the type and composition of the alloying 
elements used in their manufacture [5]. The alloying elements act as either α-stabilisers or β-
stabilisers, which act to increase the concentration and growth of the respective phases within 
the alloy [5]. The concentration of each phase ultimately determines the mechanical properties, 
including how responsive each alloy is to heat treatments. For example, β titanium alloys are 
far more responsive to heat treatments than α titanium alloys. 
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1.2 Research Motivation 
Compared to the more commonly used α+β alloys, there is limited research on β alloys and 
additive manufacturing. The α+β alloy, Ti-6Al-4V, is the most prominent alloy used, making 
up almost 70% of the titanium alloys that are currently used in industry [4]. The mechanical 
properties of Ti-6Al-4V include its great strength, weldability, high strength-to-weight ratio 
and corrosion resistance [6]. The β alloy, Titanium Beta C, shares similar mechanical 
properties. However, Beta C is far more responsive to heat treatments and is capable of attaining 
greater strengths than Ti-6Al-4V [7]. Despite this comparison, however, very little research or 
knowledge exists on how β alloys, such as Beta C, perform when they have been manufactured 
through AM processes. 
Although there is minimal research on the effect of additive manufacturing on β titanium alloys, 
a number of studies have been conducted on the heat treatments that can be used to alter the 
mechanical properties of β alloys. These heat treatments include, solution treating, direct aging, 
solution treating plus single aging and solution treating plus duplex aging [8]. Despite the 
information that is available for each of these heat treatments, there is little knowledge of what 
makes them differ. This is mostly applicable for the single and duplex-aging methods, where 
little information currently exists as to why the addition of a pre-aging step affects the 
mechanical properties of β titanium alloys. 
1.3 Intended Thesis Contribution 
This project will attempt to fill the gaps in the existing knowledge by providing a comparison 
between the single and duplex aging of titanium Beta C, which has been produced via additive 
manufacturing. Investigating the difference between single and duplex aging will assist in 
developing an understanding of why an additional aging step alters the mechanical properties 
of β titanium alloys, and whether additive manufacturing affects the final outcome. 
Despite the limitations of time and resources for this project, the knowledge that is attained 
from investigating these concepts can prove to be useful in aiding or directing further research. 
The results and information contained in this document may allow others to validate the benefits 
of using β titanium alloys more frequently in industry. In addition, the understanding of the 
differing effects between single and duplex aging may also help with determining more 
effective methods of heat treating these alloys and could assist with determining cheaper and 
more efficient methods of manufacturing with titanium. 
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1.4 Aims and Objectives 
The conclusions from this research are aimed at contributing to the current understanding of 
how the mechanical properties of additive manufactured titanium Beta C can be varied through 
post-build heat treatments. 
These conclusions will be based on the following aims and objectives: 
• The primary aim is to assess the difference between single and duplex aging by 
characterising the respective effects on the microstructure and mechanical properties of 
additive manufactured titanium Beta C. 
• By characterising these effects, the secondary aim is to then develop a conclusion of 
what causes the difference in mechanical properties between the two heat treating 
methods and whether additive manufacturing has altered them. 
In order to achieve these aims, the following objectives were set: 
1. Assess the change in hardness between single and duplex-aged Beta C by measuring the 
Vickers microhardness across different aging temperatures and aging times; 
2. Identify any common relationships between hardness, aging time and aging temperature 
across both single and duplex-aged measurements; 
3. Validate the collected hardness results by using a scanning electron microscope (SEM) 
to analyse the respective microstructures produced from each heat treatment condition; 
4. Establish comparisons between the development of hardness and the corresponding 
microstructures, to better understand the changes in microstructure that affect the 
hardness of single and duplex-aged Beta C. 
5. Develop a conclusion on the effect that additive manufacturing has on the 
microstructure and mechanical properties of Beta C following single and duplex aging; 
6. Provide recommendations for future work, to further investigate the differences between 
single and duplex aging to advance the understanding of how to improve the mechanical 
properties of additive manufactured β alloys through post-build heat treatments. 
1.5 Scope 
The primary focus of this project was to investigate the microstructure and mechanical 
properties of additive manufactured titanium Beta C, that has either undergone single or duplex 
aging. Due to the constraints imposed by the time and equipment available, there were certain 
parameters and areas of investigation that were out-of-scope. Table 1.1 below lists the areas of 
research that were included in this project. 
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Table 1.1: Summary of Project Scope 
In Scope Out-of-Scope 
1. 
Investigating the cause of difference 
between single and duplex aging of 
titanium Beta C, through the comparison of 
Vickers microhardness measurements. 
1. 
Due to time constraints and the absence of 
duplex-aging results for comparison, the 
tensile strength of the titanium alloys is out-
of-scope. 
2. 
Investigating the change in microstructure 
for different aging times and temperatures 
through the use of a scanning electron 
microscope (SEM). 
2. 
Due to time constraints and limited available 
comparable data, the investigation of 
additional aging times and temperatures is 
out-of-scope. 
3. 
Comparison and assessment of the potential 
changes in hardness and microstructure 
resulting from additive manufacturing. 
3. 
Investigating properties such as 
tensile/compression strength or corrosion 
resistance of β titanium alloys. 
4. 
Provide recommendations for future work 
and research, and how the information 
collected in this project can be applied. 
4. 
Conducting experiments for alternative 
additive manufacturing and heat-treating 
methods. 
1.6 Summary of Sections 
Chapter 1 presents the introduction of the project by addressing the background and motivation 
behind this investigation. The aims and objectives have been listed to assist the reader with 
understanding the intended contribution of this research, with the scope of the project included 
to highlight areas that will not be considered. 
Chapter 2 presents the fundamental literature required to understand titanium alloys and the 
corresponding effects that both heat treatments and additive manufacturing have on the 
microstructure and mechanical properties. Literature such as precipitation (age) hardening and 
the decomposition of β phase being some of the more important concepts to aid understanding. 
The experimental methodology used in this investigation is explained in detail in Chapter 3. 
This section covers the methodologies used to prepare and heat treat each sample, conduct 
Vickers microhardness tests and analyse the microstructures with the SEM. Additional detail 
has been provided to make it easier for the experiments to be repeated in future investigations. 
Chapter 4 contains the discussion of experimental results. The hardness and SEM results 
collected during the project are displayed in this section. An in-depth discussion of the 
differences between single and duplex aging has been completed, based on the analysis of both 
the experimental results and what is presented in existing literature. 
Chapter 5 contains the conclusions made, based on the discussion of experimental results. The 
conclusions readdress the aims and justify how they have been achieved. Recommendations for 
continuing and improving this investigation are also included for future work. 
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2 Literature Review 
2.1 Metallurgy of Titanium 
2.1.1 Crystal Structure 
Commercially pure (CP) titanium, and the majority of the titanium alloys, are capable of 
crystallising into one of two crystal structures, depending on the temperature range to which 
the titanium is exposed [7]. The temperature where titanium allotropically transforms between 
each of these crystal structures is called the transus temperature, and for pure titanium this 
occurs at 882℃ [1]. The temperature that titanium allotropically transforms between each 
crystal structure, is heavily dependent on the purity of the metal, meaning that the transus 
temperature can differ between titanium alloys [1]. 
At temperatures below the transus temperature, titanium crystallises with a hexagonal close-
packed (HCP) crystal structure, referred to as the α phase [7]. At temperatures above the transus 
temperature, however, titanium crystallises with a stable body-centred cubic (BCC) crystal 
structure, referred to as the β phase [7]. The appearance of both crystal structures is represented 
in Figure 2.1 below, with the most densely packed planes highlighted [1]. 
  
(a) HCP crystal structure (α phase) (b) BCC crystal structure (β phase) 
Figure 2.1: Titanium crystal structures [7] 
 
2.1.2 Alloying Elements and the β-Transus Temperature 
Since the properties of titanium are dependent on the purity of the metal, the alloying elements 
in titanium alloys can affect its properties. The alloying elements can be characterised as either 
α-stabilisers or β-stabilisers, depending on the phase that they stabilise, and the quantity of each 
determines whether the transus temperature increases or decreases [5].  
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(a) (b) (c) (d) 
Figure 2.2: Phase diagrams for different alloying elements [1] 
 
2.1.2.1 α-Stabilising Elements 
Increasing the quantity of α-stabilisers in the alloy composition increases the transus 
temperature, which is identifiable in the phase diagrams in Figure 2.2 [1]. Some of the known 
α-stabilisers include aluminium (Al), oxygen (O), nitrogen (N) and carbon (C). However, 
aluminium is the most commonly used α-stabiliser, as it is the only common metal capable of 
raising the transus temperature [1]. 
2.1.2.2 β-Stabilising Elements 
The addition of β-stabilisers has the opposite effect, as the increase in β-stabilisers decreases 
the transus temperature [1]. These alloying elements can also be subdivided into two groups, 
namely the β-isomorphous elements or the β-eutectoid elements [5].  
β-isomorphous elements: Vanadium (V), Molybdenum (Mo) and Tantalum (Ta). 
β-eutectoid elements:  Iron (Fe), Nickel (Ni), Chromium (Cr) and Copper (Cu). 
The difference between β-isomorphous and β-eutectoid elements in practice is relatively 
negligible, since the eutectoid reaction is considerably slow in most titanium alloys, resulting 
in them having a similar behaviour to β-isomorphous elements [5]. Of these alloying elements, 
however, vanadium, molybdenum and chromium are more frequently used, as they have a lower 
tendency to segregate during the alloy preparation [5]. 
A common β-stabiliser used in titanium alloys is molybdenum, and it is used to help distinguish 
between the two different types of β-titanium alloys [5]. These two types are referred to as 
stable and metastable β alloys, and they are covered further in Section 2.2.3.1. 
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Equation (1) below determines the molybdenum equivalent (𝑀𝑜,𝑒𝑞) of an alloy, a parameter 
defined by the critical minimum molybdenum content needed to retain 100% of the β phase 
upon water quenching, based on the coefficients of the alloying elements used [5]. 
𝑀𝑜,𝑒𝑞 = 1.0(%𝑀𝑜) + 0.67(%𝑉) + 0.44(%𝑊) + 0.28(%𝑁𝑏) + 0.22(%𝑇𝑎)
+ 2.9(%𝐹𝑒) + 1.6(%𝐶𝑟) − 1.0(%𝐴𝑙) 
(1) 
The resulting molybdenum equivalent can then be used to classify the type of titanium alloy, 
with stable β alloys classified as having a Mo,eq > 30, and metastable β alloys being classified 
within the range 8 ≤ Mo,eq ≤ 30 [5]. However, as indicated by Ian Polmear et al. [5] the 
classifications are “based on the Mo,eq values calculated for various titanium alloys,” and, 
therefore, are not likely to classify the alloys accurately. 
2.2 Titanium Alloy Classification 
Titanium alloys can be categorised into one of three groups, α, α+β and β alloys, depending 
on the dominant phase that is present in the microstructure at room temperature [9]. The phase 
diagram in Figure 2.3 shows that increasing the concentration of β-stabilisers in the alloy, 
decreases the β-transus temperature. 
  
Figure 2.3: Pseudo-binary section through a β-isomorphous phase diagram [1] 
2.2.1 α alloys 
α-Titanium alloys, when annealed below the β-transus temperature, are predominantly 
composed of the α phase [1]. The α alloys are categorised as such, if they are commercially 
pure (CP) or the alloying elements used are α-stabilisers exclusively [7]. α-Titanium alloys can 
also be subcategorised as near-α alloys if they contain small amounts of β-stabilising elements 
resulting in a β phase volume fraction less than 10 vol% [1].  
Aluminium is the most common α-stabiliser used in α alloys and near-α alloys, providing solid-
solution strengthening and oxidation resistance [9]. α-Alloys and near-α alloys are stronger than 
CP titanium, but demonstrate minimal response to heat treatments [9]. 
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2.2.2 α + β alloys 
α+β-Titanium alloys are the most commonly used alloys in industry, with the dominant alloy 
Ti-6Al-4V making up almost 70% of the titanium used worldwide [4]. At room temperature, 
α+β alloys can have a β volume fraction ranging from 5 to 40%, with β-stabilisers, such as 
vanadium, enhancing the strength and response to heat treatments [7]. 
The phase diagram in Figure 2.3 shows that the α+β alloy region exists between the α/α+β 
transus line and the “martensite start” line (Ms) at room temperature. Therefore, it is revealed 
that all α+β alloys solidify martensitically following the rapid cooling from the β phase [1].   
This can be observed when quenching from the solution treatment temperature, as the β phase 
transforms into β and titanium martensite (β + α’) [9]. Additional aging of the alloy at 
temperatures below the solution treatment temperature decomposes the unstable martensite and 
remaining β phase to strengthen the alloy further [9]. Due to this effect, increasing the 
percentage of the β-stabilising elements increases the strength during solution treating and 
aging [9]. 
2.2.3 β alloys 
β-Titanium alloys are categorised as alloys that contain sufficient concentrations of β-stabilisers 
to allow 100% the β phase to be retained at room temperature following rapid cooling [5]. Due 
to the high solute contents, β-titanium alloys have the greatest hardenability over the other 
alloys [5]. Unlike α and α+β alloys, β-titanium alloys do not solidify martensitically following 
the rapid cooling from the β phase [1]. This property is represented in Figure 2.3, with the β 
alloy region being located between the “martensite start” line and the α+β/β transus line. β-
Alloys are among the strongest titanium alloys, reaching yield stress levels of 1200 MPa 
following solution treatment and subsequent aging between 500 and 600℃ [1].  
2.2.3.1 Alloy Stabilisation 
β-Titanium alloys can be divided into two subgroups, depending on the concentration of the β-
alloying elements used. Alloys that contain high concentrations of β-stabilisers that exceed the 
α+β/β transus line at room temperature, shown in Figure 2.3, are referred to as stable β-titanium 
alloys [5]. Since stable β-titanium alloys only contain the β phase, and therefore do not undergo 
any phase changes during rapid cooling, it is expected that they do not respond to aging [5]. 
β-Alloys that contain β-stabiliser concentrations between the “martensite start” line at room 
temperature and the α+β/β transus line are referred to as the metastable β alloys.  
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Unlike the stable β alloys, metastable β alloys are far more responsive to heat treatments, since 
the α phase can precipitate throughout the alloy during aging, producing superior mechanical 
properties [5]. Precipitation hardening is the most effective method for increasing the yield 
stress of commonly used β-titanium alloys [1].  
2.2.3.2 Beta C Material Designation 
Titanium Grade 19, or commercially known as Beta C, is a metastable β alloy of composition 
Ti-3Al-8V-6Cr-4Mo-4Zr. Due to its high concentration of β-stabilising elements, it is also 
categorised as a “solute-rich” β alloy. Beta C is known commercially for its high strength and 
ductility when solution treated and aged [10]. Due to its high strength and corrosion resistance, 
Beta C is often used in the landing gear for aircraft and equipment casing in gas and oil 
applications [11]. 
2.3 Heat Treatment of β-Titanium Alloys 
The most common heat treatments that titanium alloys undergo include stress relief (to alleviate 
the accumulation of residual stresses produced from machining, cutting or heat treating), 
process annealing (to optimise the microstructure and dimensional stability) and solution treat 
and age (to improve mechanical properties including strength, hardness and ductility) [9]. 
However, the effectiveness of heat treatments is highly dependent on the composition of the 
alloy and the effect that the heat treatment has on the α/β phases. Alloys containing higher 
concentrations of the β-stabilising elements are the most responsive to heat treatments. 
2.3.1 β – α Transformation 
When α+β and β alloys are cooled from the β-annealed condition, densely packed planes of the 
BCC β phase (110) transform into basal planes of the HCP α phase (0001) [7]. The resulting 
transformation causes an atomic distortion in the microstructure, and alters the slip planes and 
slip directions into the orientation relationship represented in Figure 2.4 below [7]. 
Leyens et al. [7] explains that the resulting β titanium unit cell provides 12 different orientations 
to the α phase cells, as a result of the six slip plans and the two slip directions. Therefore, during 
the phase transformation, individual lamellar precipitates of the α phase nucleate and grow 
according to the 12 different orientations [7]. Due to the large number of possible orientations, 
there are multiple repetitions in the orientation of the lamellar precipitates [7]. This repetition 
in orientations during the phase transformation creates a microstructure that resembles the 
weaves in a basket, referred to as “basket-weave” structures [7]. 
 Chapter 2: Literature Review   | 10  
 
 
 
(0001)α // (110)β 
(1120)α // (111)β 
Figure 2.4: Burgers Relationship [7] 
 Figure 2.5: β – α transformation via Burgers 
Relationship [7] 
2.3.2 β Phase Decomposition during Aging 
As shown by the phase diagram in Figure 2.6, the resulting microstructure of a metastable β-
alloy following aging, is dependent on the composition of the alloy and the temperature and 
time that the alloy is aged for. Collings [12], stated that the aging of metastable alloys is 
commonly accompanied by precipitation hardening as it transforms towards a phase at 
thermodynamic equilibrium, or lower free energy. Unlike most titanium alloys, β alloys have a 
defining property of not transforming martensitically upon rapid cooling from the β phase [1]. 
Alternatively, the β phase transforms into the α phase through nucleation and growth. However, 
it is uncommon for the β phase to transform directly to the α phase, since it is difficult for the 
HCP α phase to nucleate from the BCC β phase [5]. As a result, it is more common for the β 
phase to decompose into the metastable intermediate precipitates ω and β’, which act as 
heterogenous nucleation locations for the α phase [5]. The transformation of these phases is 
represented in the decomposition reaction equations below [5]. The formation of the α phases 
with respect to these intermediate phases will be discussed further in Section 2.3.2.3. 
Solute-lean Alloys (βlean): 
@ 100-500℃ 
β → ω + β → α + β 
Solute-rich Alloys (βrich): 
@ 200-500℃ 
β → β’ + β → α + β 
 
Figure 2.6: Metastable (ω+β) and (β’+β) phase fields in β-isomorphous phase diagram [1] 
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2.3.2.1 ω Phase 
For solute-lean metastable alloys, the HCP ω phase is commonly precipitated following water-
quenching from the β-phase field [13]. Polmear et al.[5] explained that it is common for the ω 
phase to precipitate as a fine dispersion of ellipsoidal or cuboidal particles when the alloy is 
aged between temperatures of 100-500℃.  
Unfortunately, the ω phase is usually undesirable for alloys that are required for strength 
purposes, as it can be a major contributor to the brittleness of an alloy. Therefore, the 
characteristic property of the ω phase is its ability to increase the hardness of an alloy at the 
expense of its ductility [12]. 
Titanium alloys that contain the ω phase can be overaged to improve the ductility, as overaging  
causes the ω phase to dissolve and allows the α phase to precipitate in the vicinity of the ω 
phase sites [12]. 
Alternatively, as Collings [12] has explained, an alloy containing the ω phase can be exposed 
to a short high-temperature heat treatment to convert the ω phase into a lean-β phase, referred 
to as the β’ phase. The β’ phase is stable upon cooling to room temperature, and gives titanium 
alloys a greater strength than the quenched condition, without the embrittling effect of the ω 
phase [12]. Collings [12] also stated that in some metastable alloys, the ω → β’ phase 
transformation may not reach completion if insufficient time and temperature are applied. This 
creates an alloy containing a mixture of the ω and β’ phase, with the ω phase increasing the 
strength and the β’ phase maintaining ductility [12]. 
2.3.2.2 β' Phase 
If an alloy has a high concentration of β-stabilisers and is aged at high temperatures, the BCC 
β’-phase precipitate “separates” [12]. The phase separation from the β phase can be represented 
as β → β’+β, making it unable to support the precipitation of the ω phase [12]. As mentioned 
in the previous section, the presence of the β’ phase increases the strength of titanium alloys 
without embrittling them, due to the absence of the ω phase.  
It was found that β’ precipitates have a common property of nucleating the α phase [12]. 
However, the nucleation of the α phase either occurs at the interface between the β and β’ phases 
or within the β’ region [12]. Depending on the location of α-phase nucleation, the α-phase 
precipitates can either be globular, or a fine dispersion of acicular particles [12]. 
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2.3.2.3 Formation of the α Phase 
The α phase can form in a number of ways during the aging of metastable β alloys, depending 
on the composition and aging temperature. For alloys with compositions and/or temperatures 
outside of the ω+β and β’+β phase fields, as shown in Figure 2.6, the α phase is capable of 
precipitating directly from the β phase field [12]. This precipitation often occurs as a fine 
dispersion of the α phase within the β grains [5]. 
Alternatively, the α phase is also capable of nucleating from the ω and β’ precipitates, 
depending on the aging temperature and the respective misfit between the two phases [5]. 
Misfits are dependent on the atomic mismatch in size between two interfaces, the greater the 
mismatch the greater the misfit dislocation density [14].  
For metastable β alloys that contain the ω phase, Polmear [5] states that if the misfit dislocation 
density is low, it is difficult for the α phase to nucleate within the β grains, instead forming at 
the β-grain boundaries. Polmear et al. [5] continues to say that if the misfit dislocation density 
is high, the α phase instead nucleates at the interface between the ω and β phases. As mentioned 
in Section 2.3.2.1, alloys containing the ω phase can also be overaged to precipitate the α phase 
at the locations where the ω phase dissolves [12]. 
As previously discussed, the consistent property of the β’ precipitates, is that the α phase is able 
to nucleate from it, with the nucleation occurring either at the β’/β interface or within the β’ 
phase. Polmear et al. [5] adds to this, saying that aging of alloys that have undergone the β 
phase separation reaction, commonly results in the nucleation of the α phase within the β phase 
particles. As a result, the distribution of the α precipitates is dependent on the dispersion of the 
β’ phase [5]. 
2.3.2.4 Formation of “Type-2 α” in Beta C 
An additional α-phase formation has also been found in studies specific to Beta C. Collings [12] 
refers to two studies that cover the development of a non-coherent precipitate referred to as 
“Type-2 α”. The key difference between the two different α phases, is that the Type-2 α does 
not obey the Burgers orientation relationship shown in Figure 2.4. It was concluded by Morgan 
and Hammond [15], that the precipitation of the Type-2 α occurred at aging temperatures 
between 500 and 600℃. Rhodes and Paton [16] added to this by stating that the “best 
combination of strength and ductility in Beta C” is achieved by precipitating the Type-2 α phase 
following aging above 500℃. 
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2.3.3 Effect of Additional Aging Steps on β-Titanium Alloys 
A homogeneous distribution of α platelets in highly concentrated β alloys, is hard to achieve 
through normal aging alone [1]. This is especially true for alloys that are aged to temperatures 
above the ω+β and β’+β regions, as the formation of the ω and β’ precipitates, or the α 
nucleation at these precipitates, is too slow for it to occur during heating to the final aging 
temperature [1]. 
To combat this, Lütjering et.al  [1] found that a pre-aging treatment at a lower temperature can 
produce a more homogeneous distribution of the α platelets, as shown Figure 2.7 for Beta C. 
  
(a) Single-aged: 16 h @ 540℃ (b) Duplex-aged: 4 h 440℃ + 16 h 560℃ 
Figure 2.7: Effect of pre-aging on distribution of α platelets in the β alloy Beta C [1] 
The images in Figure 2.7 are ideally what the results of this project should represent and explain. 
Figure 2.7(a) represents the microstructure that should occur following the single-aged heat 
treatment of Beta C, with the α phase (darker precipitates) being spread out almost randomly, 
with distinctive zones of the β phase remaining (lighter zones). Additionally, Figure 2.7(b) 
represents what is to be expected from the duplex-aged heat treatment, with the more 
homogeneous distribution of the α phase throughout the microstructure, resulting from the 
additional pre-aging treatment (4h 440℃). 
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2.4 Strength and Hardening Mechanisms of Titanium Alloys 
2.4.1 Nucleation and Growth 
Nucleation and growth is a solidification, or phase transformation, process that involves the 
precipitation of small particles of a new phase that then grow and consume the parent phase 
[17]. Therefore, nucleation is the formation of small precipitates of the secondary phase forming 
within the matrix of the parent phase. For the titanium alloy Beta C, this formation is either the 
precipitation of the precursor phases (ω and/or β’) or the direct precipitation of the α phase 
within the β-phase matrix or at the β-grain boundaries. 
Upon completion of the nucleation stage, the precipitates enter the growth stage where each 
precipitate begins to increase in size [17]. Callister et al.[17] explains that the growth stage 
reaches completion once the new-phase precipitates attain the equilibrium fraction. 
Nucleation can be categorised as either homogeneous or heterogeneous, depending on the 
location that the nucleation initiates. 
2.4.1.1 Free Energy and Phase Transformations 
The theory of nucleation is dependent on the thermodynamic parameter known as Gibbs free 
energy, G, which is a function of enthalpy, H (internal energy of a system) and entropy, S 
(disorder of atoms) [17]. However, for phase transformations the change in free energy, ∆G, is 
more applicable for materials that undergo phase transformations to lower their free energy 
[18]. Materials such as titanium alloys will generally undergo phase transformations to revert 
to a phase that has a lower free energy to make it more stable at particular temperatures. 
Normally nucleation is associated with the transformation from a liquid-to-solid phase. 
Although this investigation only consists of solid-to-solid transformations, the processes and 
properties in nucleation explained below, such as the change in free energy, still apply.  
2.4.1.2 Homogeneous Nucleation 
For homogeneous nucleation there are two main components that make up the total free energy 
change for the phase transformation. Callister et al.[17] explains that the first component “is 
the free energy difference between the solid and liquid phases, or the volume free energy, ∆Gv”. 
The magnitude of this energy component is determined by the volume of the solid phase, Vs, 
which in the case of the solid sphere would be 𝑉𝑠 =
4
3
𝜋𝑟3 [17].  
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The second component is the surface free energy, γ, that is associated with the energy at the 
boundary between the solid-liquid phases during solidification [17]. The magnitude of this 
component is determined by the surface area that the liquid phase is in contact with the solid 
sphere, where 𝐴𝑆𝐿 = 4𝜋𝑟
2𝛾. Therefore, the resulting equation used to represent the total free 
energy change for a solidification transformation is the sum of these two components, as shown 
in Equation (2) below [17]. 
∆𝐺 =
4
3
𝜋𝑟3∆𝐺𝑣 + 4𝜋𝑟
2𝛾𝑆𝐿 (2) 
These two components can be plotted against the nucleus radius, r, as shown in Figure 2.8 
below, with the increase in radius resulting in the increase of surface free energy and the 
decrease in volume free energy [17]. The resulting sum of these two components produces the 
curve for the total free energy change, ∆G (shown as ∆Gr), which increases with the nucleus 
radius, until the radius reaches a maximum at the critical radius, r*, where it begins to decrease 
with the increase in nucleus size [17]. 
  
Figure 2.8: Schematic plot of free energy versus 
nucleus radius [19] 
Figure 2.9: Diagram of solid nucleus in liquid 
phase [17] 
This behaviour is a result of the formation of small particles, which always lead to the increase 
in the free energy [19]. Porter et al [19] stated that the resulting increase in free energy “is able 
to maintain the liquid phase in a metastable state almost indefinitely at temperatures below Tm 
(melting temperature)”. The curve for the total free energy change in Figure 2.8 shows that if 
the radius of the solid sphere is less than the critical radius (r < r*), then the mixture can 
decompose and dissolve with the decrease in free energy [17]. Conversely, if the radius is 
greater (r > r*), then the free energy will decrease as the solid grows [17]. 
The parameters r* and ∆G* in Figure 2.8, ultimately determine the required radius and free 
energy to produce a stable nucleus in during homogeneous nucleation [17]. Both parameters 
can be determined by differentiating Equation (2) with respect to each parameter, resulting in 
the equation for the critical radius of a stable solid particle nucleus: 
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𝑟∗ = −
2𝛾
∆𝐺𝑣
 (3) 
and, the equation for the free energy required for the formation of a stable nucleus [17]. 
∆𝐺∗ =
16𝜋𝛾3
3(∆𝐺𝑣)2
 (4) 
Note that for a solid-solid transformation, the changes in specific volume must be 
accommodated elastically [20]. For example, in β alloys, when the α-phase particles form in 
the β matrix, both the α-particle and the β-matrix need to deform elastically to accommodate 
for the phase transformation [20]. The subsequent formation of coherent interfaces increases 
the free energy of the system, due to the development of the elastic strain fields [20]. This strain 
energy effect must be included, together with the volume free and interfacial energy changes 
[20]. Therefore, Equation (2) is modified to become Equation (5) below, where C’ is the elastic 
constant for the nucleation of the α phase in the β-matrix, and E is the net radial strain [20].  
∆𝐺 =
4
3
𝜋𝑟3∆𝐺𝑣 + 4𝜋𝑟
2𝛾𝑆𝐿 +
4𝜋
3
𝑟3𝐶′𝐸2 (5) 
Homogeneous nucleation is highly unlikely to occur in the solid Beta C samples that were used 
in this investigation. However, the formation of the precipitates during aging may resemble a 
similar behaviour to that of homogeneous nucleation. However, in practice it is more likely that 
the nucleation that is occurring is heterogeneous nucleation from the surfaces of these 
precipitates and the grain boundaries. 
2.4.1.3 Heterogenous Nucleation 
Homogeneous nucleation occurs as a result of the formation of stable solid nuclei forming 
during the phase transformation. Heterogeneous nucleation, however, is defined by the 
nucleation initiating at other surfaces and interfaces and, therefore, is able to occur more readily 
than homogeneous nucleation [17]. 
Callister et al.[17] stated that “the activation free energy for nucleation is lowered when the 
nuclei form on pre-existing surfaces or interfaces, because the surface free energy is reduced”, 
which justifies why heterogeneous nucleation is more common in practice. 
A common example of heterogeneous nucleation is where the solid forms on a flat surface such 
as a mould wall, as shown in Figure 2.10. Note that there is no liquid phase titanium or mould 
walls used in this project. However, as previously mentioned, the growth of the α phase can 
occur heterogeneously from the precipitates and grain boundaries formed during the phase 
transformation.  
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Figure 2.10: Heterogeneous Nucleation on Flat Surface [17] 
Using the same method used for the homogeneous nucleation, the critical radius and activation 
free energy can be determined by differentiating Equation (2), except with the surface energy, 
γ, being the surface energy between the exposed solid surface and the liquid [17]. The resulting 
equation for the critical radius and activation free energy required for a stable solid nucleus 
therefore become [17]: 
𝑟∗ = −
2𝛾𝑆𝐿
∆𝐺𝑣
 (6) 
∆𝐺∗ = (
16𝜋𝛾𝑆𝐿
3
3(∆𝐺𝑣)2
) 𝑆(𝜃) (7) 
Note that Equations (6) and (7) are almost the same as Equations (3) and (4) derived for the 
homogeneous case, except with the addition of the S(θ) term. This S(θ) term is referred to as 
the shape factor of the solid nucleus and it is dependent on the parameter θ, which represents 
the shape of the nucleus [19]. The shape factor can be determined using Equation (8) below: 
𝑆(𝜃) = (2 + 𝑐𝑜𝑠𝜃)(1 − 𝑐𝑜𝑠𝜃)2/4 (8) 
Comparing Equations (4) and (7), it can be seen that the activation energy required for 
heterogeneous nucleation is less than that required for the homogeneous nucleation. This is also 
represented by the plot of both the resultant free energies in Figure 2.11 below. Therefore, the 
relationship between the heterogeneous and homogeneous free energy can be represented by 
Equation (9). 
 
∆𝐺ℎ𝑒𝑡
∗ = 𝑆(𝜃)∆𝐺ℎ𝑜𝑚
∗  (9) 
Figure 2.11: Free Energy from Homogeneous and Heterogeneous Nucleation [19] 
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2.4.2 Precipitation Hardening 
A common method that is used to improve the strength and hardness of many alloys is inducing 
the precipitation of very small particles in the microstructure of the alloy. These particles are 
usually the precipitates of a secondary phase within the parent phase matrix, and they act to 
impede dislocation motion [17]. Heat treatments are the primary method used to produce these 
precipitates, with the most common heat treatment being solution treating and aging (STA). 
The resulting hardening process is referred to as precipitation hardening. 
2.4.2.1 Solution Treating 
Solution treating involves heating an alloy to a temperature at which all of the solute atoms are 
dissolved into a single-phase solid solution [17]. Consider Figure 2.12 below, with the red line 
marked at a certain β-stabiliser concentration within a β alloy. The alloy would be solution 
treated to temperature T0, and kept at this temperature until the α phase is completely dissolved 
[17]. Upon complete dissolution, the alloy consists of only the β phase. 
The alloy is then quenched to room temperature, T1, to prevent the formation of the secondary 
phases. The microstructure of the alloy at this point consists of a β-phase solid solution 
supersaturated with α atoms [17]. The mechanical properties of the alloy at this stage are 
generally low in hardness and strength due to the coarse β-grains, and further aging is required 
to improve them. 
 
 
Figure 2.12: Phase diagram for heat treating 
a metastable β-alloy [1] 
Figure 2.13: Precipitation hardening schematic of 
temperature vs. time plot [17] 
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2.4.2.2 Aging 
The alloy is normally aged following solution treatment to improve the strength and hardness. 
Aging involves heating the supersaturated β solid solution to an intermediate temperature at T2, 
within the α+β-phase region, shown in Figure 2.12 and Figure 2.13 [17]. During this process, 
the α phase begins to precipitate as fine particles throughout the microstructure, which then act 
to impede dislocation motion [9]. After the alloy has been aged for a desired length of time, it 
is then cooled to room temperature, either by quenching or air-cooling, since the cooling rate 
has a negligible effect on the properties of the alloy following aging [17]. 
The volume of α-phase precipitates, and the resulting hardness and strength of the alloy are 
dependent on the aging temperature, T2, and the aging time. Generally, the volume of 
precipitates increases with aging time, as the additional time allows more of the α phase to 
precipitate. As a result, the increase in time results in an increase in strength and hardness until 
the peak hardness is reached, in which subsequent aging results in both properties decreasing, 
as shown in Figure 2.14 [17]. This decrease in strength and hardness following extended aging 
times is referred to as overaging.  
 
Figure 2.14: Development of strength and hardness with respect to aging time [17] 
The aging temperature is also capable of affecting the resulting strength and hardness of the 
alloy, as it also determines the volume of α-phase precipitates during aging [1].  
As previously explained by Lütjering et al.[1] in Section 2.3.3 for Beta C, the development of 
the precursor and α phases is quite slow during aging. As a result, aging at temperatures above 
the precursor phase regions tends to reduce the volume fraction of precipitates, resulting in a 
reduction of the maximum attainable hardness [1]. However, when aging at elevated 
temperatures, the aging time required to reach the peak hardness of the alloy is shortened [1]. 
Callister et al. [17] justified this outcome by explaining that increasing the aging temperature 
effectively accelerates the strengthening process of precipitation hardening. Therefore, the 
greater the aging temperature, the faster the strengthening process, but the lower the maximum 
attainable hardness. 
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2.4.2.1 Hardening Mechanisms 
At the start of the aging process, an alloy undergoes solid-solution strengthening, where the 
atoms of the secondary α-phase begin to congregate, as illustrated in Figure 2.15(a). The 
strengthening at this stage is predominantly a result of the secondary α-phase being dissolved 
or “trapped” within the supersaturated solid solution of the β phase [21]. 
As the aging progresses and the supersaturated phase begins to decompose, the solute α-atoms 
begin to cluster together, forming coherent regions referred to as Guinier-Preston (GP) zones 
[21]. These GP zones then precipitate the transition phase particles denoted θ”, as shown in 
Figure 2.15(b). The resulting coherency creates strain fields between these transition particles 
and the β-phase matrix [9]. The coherency strains around the GP zones and θ” particles produce 
stresses that assist in the prevention of dislocation motion, the resulting process being referred 
to as coherency stress hardening [21]. As the aging continues, the development of strength in 
the alloy continues to increase, until the alloy becomes overaged. 
   
(a) (b) (c) 
Figure 2.15: Stages of equilibrium precipitate formation [17] 
Upon overaging, the GP zones become incoherent with the β-matrix, due to the formation of 
the equilibrium phase particles, denoted θ, as shown in Figure 2.15(c) [9]. The equilibrium θ 
phase precipitates are larger and more widely distributed than the θ” phase particles [9]. As a 
result, these particles are not capable of maintaining the same coherency strains within the alloy, 
making them less capable of impeding dislocation motion [9]. The increased amount of 
dislocation motion results in the reduction in hardness of the alloy, which can only be reversed 
if the whole solution treatment and aging process is repeated [21]. 
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2.4.3 Relationship between Vickers Hardness and Yield Strength 
Based on the model developed by R.Hill, a commonly observed relationship between the 
Vickers microhardness and yield strength of titanium alloys was determined [12]. This 
relationship is shown in Equation (10) below: 
Hv ≅ σy / 3 (10) 
where Hv is Vickers Hardness and σy is the yield strength in MPa. 
The validity of this relationship was investigated further by Davis [22], who stated that Hill’s 
theory applies for blunt, frictionless indenters, like the diamond pyramid indenter that is 
commonly used for Vickers microhardness tests.  
2.5 Additive Manufacturing 
There are many different additive manufacturing (AM) processes that are currently used in 
industry, including powder deposition, wire deposition and solid-state processes. However, the 
general process of additive manufacturing is consistent across most methods, with the most 
significant variations being found in the method of deposition. 
The process of additive manufacturing starts with the CAD model of the desired part. The 
chosen AM machine then separates the part into layers in the simplest direction for production 
[23]. The machine then deposits the desired material as a liquid onto a base plate, with each 
layer solidifying shortly after deposition [23]. The machine continues to stack new layers of 
material onto the previously deposited layers until the part is complete [23]. 
Due to nature of the production method, additive manufacturing has a number of advantages 
that make it desirable in industry. For example, AM machines are capable of producing complex 
geometries with limited restrictions [23]. They can also reduce the amount of material waste 
with the ability to produce near net shape parts, thus eliminating the common wastage issue 
associated with machining [23]. 
2.5.1 Wire Arc Additive Manufacturing (WAAM) 
Compared to the more commonly used powder deposition method, wire-fed deposition has 
become increasingly desirable, due its high deposition rate and its ability to produce large 
components with high dimensional accuracy [23]. 
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Figure 2.16: Schematic of wire-fed AM [23] 
The AM process begins with the creation of a small melt pool on the surface of the base plate, 
or substrate [23]. The wire of the chosen material is then fed into the melt pool and is also 
melted using a focused energy source produced by an arc-welder, as shown in Figure 2.16. The 
wire feed nozzle and the arc-welder then move relative to the substrate, tracing the shape of the 
desired part [23]. Each layer is completed by overlapping the wire feed back onto the previous 
layer, which is repeated until the part is completed [23]. In order to prevent contamination of 
the molten material, it is also common for the deposition to be completed in a controlled 
atmosphere [23]. 
2.6 Analysis of Existing Literature 
2.6.1 Additive Manufacturing with Titanium Alloys 
Titanium alloys are a common material used in additive manufacturing, due to the combination 
of titanium’s desirable mechanical properties and the minimal waste in material associated with 
additive manufacturing [24]. The most common titanium alloy used in additive manufacturing 
being the α+β alloy Ti-6Al-4V. In order to determine whether additive manufacturing alters the 
outcomes of post-processing heat treatments, existing studies on the additive manufacture of 
titanium alloys needed to be analysed. The analysis would then reveal the effects that additive 
manufacturing has on the microstructure and mechanical properties of titanium alloys,  
The resulting effects that additive manufacturing has on the microstructure and mechanical 
properties of titanium has been investigated in a number of studies.  
Wang et al. [25] investigated the microstructure and mechanical properties of wire-arc additive 
manufactured Ti-6Al-4V. They identified that the resulting microstructure within the alloy 
consisted of “epitaxial columnar β grains which grew from the substrate to the deposited wall” 
[25]. The fatigue life of the WAAM Ti-6Al-4V was also found to exceed that of the baseline 
material, due to the fully lamellar microstructure allowing the movement of dislocations 
through the α phase [25]. 
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Similar results were also obtained by Zhu et al. [26] when investigating the microstructure and 
mechanical properties of the α+β alloy Ti-6.5Al-3.5Mo-1.5Zr-0.3Si (TC11) that had been 
manufactured using laser additive manufacturing (LAM). The authors of this study conducted 
a comparison of the resulting microstructure and mechanical properties between the LAM TC11 
and the wrought TC11 substrate [26]. The measurement of microhardness found that the LAM 
TC11 sample developed a microhardness that was 50 HV greater than the wrought sample, as 
shown in Figure 2.17 below. The resulting microstructure of the LAM TC11 was also found to 
appear as a fine “basket-weave” within the coarse β grains, which resulted in the laser additive 
manufactured TC11 having superior tensile properties in comparison to the wrought TC11 [26]. 
 
WSZ – wrought substrate zone 
HAZ – heat affected zone 
LAMZ – laser additive manufactured zone 
Figure 2.17: Microhardness development in TC11 [26] 
2.6.2 Development of Hardness in Aged Titanium Alloys 
One of the aims of this project was to determine the characteristic effects between the single 
and duplex aging of titanium Beta C that has been additive manufactured. To gain an 
understanding of what should be expected from the experimental results, a number of existing 
studies have been analysed. 
Due to the information found in literature, it is expected that the aging of metastable β titanium 
alloys, such as Beta C, will experience an increase in hardness with the increase in aging time, 
and decrease with aging temperature. The additional pre-aging step used in duplex aging is also 
expected to increase the strength and hardness of Beta C, due to the increased amount of α-
precipitates that would form as a result of the greater formation of the precursor β’ phase.  
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2.6.2.1 Influence of Heating Rate on Precipitation Hardening in β Alloys 
A study completed by Pande et al. [27] investigated the influence of heating rate on the 
precipitation hardening of the metastable β alloy Ti-15V-3Cr-3Al-3Sn (Ti-15-3). Notably, the 
heating rate is outside the scope of this project. However, Pande et al. [27] indirectly compared 
the results between single and duplex aging, which can be used to support the outcomes of this 
project. 
The Ti-15-3 that the authors used, was in the wrought condition. It was solution treated at 850℃ 
and either single or duplex-aged under the following conditions. 
The two single aging heat treatments included: 
(i) Aging at 500℃ for 8 hours, and; 
(ii) Aging at 500℃ for 10 hours [27]. 
The duplex aging heat treatments used the same parameters, except with the inclusion of the 
pre-aging step. These duplex heat treatments included: 
(i) Pre-aging at 250 for 24 hours, followed by the aging at 500℃ for 8 hours, and; 
(ii) Pre-aging at 300 for 10 hours, followed by the aging at 500℃ for 10 hours [27]. 
Each aging process was performed twice, each with a different heating rate [27]. Table 2.1 
below shows the measured hardness response of Ti-15-3 following each aging condition.   
Table 2.1: Properties of Ti-15-3 subjected to Single and Duplex-aged Treatments [27] 
Aging 
Heat treatment 
details 
Rate of Heating 
Vickers Microhardness 
(HV) 
Yield Strength 
(MPa) 
Single-Aged 500℃ / 8 h 
5℃ /min 362 1154 
Direct Charging 360 1131 
Single-Aged 500℃ / 10 h 
5℃ /min 376 1186 
Direct Charging 375 1150 
Duplex-Aged 
250℃ / 24 h + 
500℃ / 8 h 
5℃ /min 380 1192 
Direct Charging 381 1191 
Duplex-Aged 
300℃ / 24 h + 
500℃ / 10 h 
5℃ /min 401 1208 
Direct Charging 400 1216 
The collected results in Table 2.1 demonstrate the increase in hardness following the duplex 
aging of the Ti-15-3 samples. Note that the direct charging results are the most reliable 
measurement of the respective hardness between single and duplex aging, since the hardness 
measured from the heating rate of 5℃/min do not effectively demonstrate single aging, as slow 
heating rates can have the same effect as duplex aging the alloy. 
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To further understand and support the collected hardness results, the authors investigated the 
microstructure of each sample, using a scanning electron microscope (SEM). Figure 2.18 below 
presents a comparison of the microstructures produced following the single and duplex aging 
of Ti-15-3 samples that were directly charged at the desired aging temperature. 
  
(a) Single-aged 500℃/10 h (b) Duplex-aged 300℃/10 h + 500℃/10 h 
Figure 2.18: FESEM microstructures of Ti-15-3 samples subject to direct charging [27] 
Comparing Figure 2.18(a) and (b) reveals that the single-aged microstructure has larger areas 
of the lighter β-parent phase. Conversely, the microstructure shown in the duplex-aged result 
also shows a more homogeneous distribution of fine α phase precipitates. The authors also came 
to similar conclusions, stating that the “pre-aging step in DA (duplex aging) leads to the 
evolution of the precursor phase which serves to provide preferential nucleation sites for the α 
precipitation” [27].  
As Ti-15-3 is a similar metastable β alloy to Beta C, it is expected that similar outcomes will 
occur following the hardness and SEM analysis in this project. However, the subsequent effect 
of these heat treatments following additive manufacturing is yet to be determined.  
2.6.2.2 Fatigue properties of duplex-aged Beta C: 
Chaikh et al. [28] conducted an investigation to determine a heat treatment that could improve 
the fatigue limit of Beta C, by providing a homogeneous distribution of the α phase through the 
elimination of the remaining β-phase regions (referred to by the authors as “β-flecks”) and grain 
boundary α phase [28]. 
To achieve this, the authors conducted numerous tests on wrought samples of Beta C that were 
either single or duplex-aged at a number of different aging temperatures and aging times. Each 
sample was brought to the β-annealed condition by solution treating at 815℃ for 1 hour. The 
subsequent single and duplex aging treatments were then performed using a vacuum furnace, 
with the summary of heat treatment parameters shown in Table 2.2 [28]. 
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Table 2.2: Beta C Heat Treatment Parameters 
Aging Method Heat Treatment Temperature (℃) Duration (hours) 
Single-aged Solution Treatment 815 1 
Aging 460 - 540 20, 24 and 28 
Duplex-aged 
Solution Treatment 920 0.5 
Pre-aging 425 - 460 12 
Final-aging 500 28 
To assess the outcomes of each heat treatment, the authors used an SEM to conduct a 
comparison of the microstructures between the single and duplex-aged Beta C. As expected, 
the duplex-aged sample in Figure 2.19(a) has a greater distribution of the α phase precipitates, 
in comparison to the single-aged sample in Figure 2.19(b).  
An additional observation made by the authors, was the growth of the α phase with respect to 
the grain boundaries. They observed that the α phase precipitated preferentially within the β-
grains of the duplex-aged samples, with minimal precipitation occurring at the grain boundaries 
[28]. The opposite was observed in the single-aged samples, which demonstrate a preferential 
growth of the α phase at the grain boundaries, as shown in Figure 2.19(b). 
  
(a) Duplex-aged Beta C (b) Single-aged Beta C 
Figure 2.19: Comparison of precipitation between Singe and Duplex-Aged Beta C [28] 
The authors also investigated the effects of increasing the aging time and temperature, by 
measuring the Vickers microhardness of all the samples that were single-aged. The results of 
the hardness measurements were then plotted against the aging temperature, to visualise the 
function of hardness with respect to temperature and time. The resulting plot is shown in Figure 
2.20 below. 
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Figure 2.20: Hardness response of Single-aged Beta C [28] 
The results presented in Figure 2.20, show that the hardness of the single-aged samples 
increases with the increase aging time, with the samples that were aged for 28 hours, achieving 
the greatest hardness on average. Conversely, the increase in aging temperature above 480℃, 
resulted in a decrease in hardness. Based on the literature presented in Section 2.4.2 on 
precipitation hardening, it is likely that the single-aged samples were overaged, resulting in a 
restoration of ductility. In addition, the majority of the single-aged samples were aged at 
temperatures above the transus temperatures of the precursor phases. Therefore, it can be 
assumed that β’ phase did not precipitate during the early stages of aging at the elevated 
temperatures, thus minimising the capability for the α phase to precipitate homogeneously. 
Since this investigation conducted single and duplex aging treatments on Beta C, it is safe to 
assume that similar results will be collected from this project. However, the results collected in 
this study do not effectively demonstrate the comparative difference in hardness between single 
and duplex-aged Beta C, nor potential effects that additive manufacturing may have on the final 
microstructure following aging. 
2.6.3 Conclusions on Existing Literature 
By conducting a review of the existing literature, it can be seen that there a number of consistent 
properties that arise when investigating the difference between single and duplex aging or the 
effects that additive manufacturing has on the properties of titanium alloys. 
The additional pre-aging step of the duplex aging treatment has been shown to produce a more 
homogeneous distribution of the α phase precipitates. The microstructure and mechanical 
properties of titanium alloys have been shown to change following additive manufacturing. 
However, based on the literature that has been found, there is currently limited, or no existing 
research that conducts a direct comparison between the hardness and microstructure between 
the single and duplex aging of Beta C that has been produced by additive manufacturing. 
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3 Experiment Methodology 
3.1 Overview 
The aim of this project was to compare the microstructure and mechanical properties resulting 
from single and duplex aging of Titanium Beta C. The results and supporting literature would 
then be used to determine the explanation behind the differing properties. 
The Beta C samples were produced via wire arc additive manufacturing (WAAM) with a gas 
tungsten arc welder (GTAW). Beta C wire was fed into the linear path of the welding torch, 
producing a molten pool of Beta C onto the wrought Ti-6Al-4V substrate. The GTAW would 
then raise the height of the welding torch and the feed wire, to add subsequent layers upon the 
solidification of previous layers until the sample was complete. 
A Struers Discatom-6 cutting wheel was used to separate the Beta C from the Ti-6Al-4V 
substrate, leaving only the sample of Beta C (dimensions: 180x15x12.5 mm).  
The sample of Beta C was solution treated at 850℃ for 20 minutes using a box furnace and 
then water quenched upon removal. A Struers Discatom-6 cutting wheel was used to section 
the bar of Beta C into smaller samples for isothermal aging. A MIHM-VOGT laboratory 
furnace was used to provide the desired aging temperatures of 450℃, 500℃, 525℃ and 550℃. 
Four samples were aged at each temperature, with each sample being aged for 1, 5, 8 and 24 
hours respectively. Each of these samples was air cooled upon removal from the furnace. 
Each sample was mounted in Struers Multifast resin using a Struers CitoPress-30. The samples 
were ground and polished using the TegraPol-31 and a solution mixture of hydrogen peroxide 
and colloidal silica suspension, commercially referred to as OP-S. 
A Struers Duramin Vickers Hardness tester was then used to measure the hardness of each 
sample by taking the average of nine indents in different locations.  
All of the Beta C samples were then cleaned in a Retsch Ultrasonic Cleaner before being put 
under a scanning electron microscope (SEM), which was then used to investigate the changes 
in the microstructure of each sample. 
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3.2 Sample Preparation 
Only samples for the single-aged treatment needed to be prepared for this project, as the duplex-
aged Beta C samples had already been prepared and used in another project prior to this 
investigation.  
The samples that were prepared for both the single and duplex aging treatments, were 
manufactured via wire arc additive manufacturing (WAAM) using a gas tungsten arc welder 
(GTAW) with a feedstock of Beta C wire. The wire feedstock was deposited into the path of 
the welding torch, producing a molten pool of Beta C onto the surface of the of the Ti-6Al-4V 
substrate which acted as the substrate for the sample.  
The welding torch and wire feed assembly moved in a linear direction to produce each layer. 
Upon the completion and solidification of each layer, the welding assembly would rise and 
continue to overlap subsequent layers onto the previous layers. This process was repeated until 
the Beta C part was completed. 
 
(a) Exterior of GTAW equipment 
 
(b) Interior of GTAW equipment [29] 
 
Component Material 
Filler Rod Titanium Beta C 
Solidified weld metal Titanium Beta C 
Base metal Ti-6Al-4V 
Shielding gas Inert Argon gas 
 
(c) Schematic of GTAW Components [30]  
Figure 3.1: Gas-Tungsten Arc Welder (GTAW) 
A trailing shield, attached to the welding torch, supplied inert argon gas to each new deposited 
layer of Beta C. The argon gas acted to shield the molten pool from contaminants and impurities 
and also assisted in preventing the molten Beta C from reacting with any oxygen in the air. 
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Upon completion, a Struers Discatom-6 cutting wheel was used to section the top three layers 
(approximately 12.5 mm) of the Beta C part. This separated it from both the Ti-6Al-4V 
substrate and the lower layers of Beta C that may have mixed with the substrate during 
production.  
 
Parameter  
Type: Struers Discatom-6 
Disk Blade: 20S25 
Operation: Manual 
Rotation Speed: 0.2 mm/s 
 
Figure 3.2: Struers Discatom-6 Cutting Wheel 
To bring the bar of Beta C to the β-annealed condition (microstructure containing coarse β-
grains), it needed to be solution treated to a temperature above the β-transus temperature 
(approx. 730℃). This was ensured by solution treating the part at 850℃ for approximately 20 
minutes using the box furnace shown in Figure 3.3. The bar of Beta C was then water quenched 
upon removal from the furnace in order to maintain the coarse β-phase grains at room 
temperature. 
 
Parameter  
Type: Laboratory Box Furnace 
Temperature: 850℃ 
Duration: 20 minutes 
Cooling Method: Water Quenched 
 
Figure 3.3: Laboratory Box Furnace 
The Discatom-6 cutting wheel was used again to section the bar of Beta C into smaller samples 
for testing different aging temperatures and durations. The cutting wheel was operated 
manually, ensuring that the sample was held firmly in place and not located directly under the 
blade. The rotation speed was set to 0.2 mm/s, and the blade was lowered slowly into the part 
to avoid inducing work hardening. To generate data that could be accurately compared against 
the duplex-aged samples, produced in the previous study, a total of 16 smaller samples were 
sectioned from the bar of Beta C.  
 Chapter 3: Experiment Methodology   | 31  
 
Each sample was aged using a MV MIHM-VOGT P6/B laboratory furnace, shown in Figure 
3.4. Before it was used, the furnace was given time to heat up to the desired aging temperature 
to avoid exposing the samples to a slow rate of heating, which would have resulted in an 
imprecise method of single-aging.  
Four aging temperatures of 450℃, 500℃, 525℃, and 550℃ were chosen, as these were the 
same aging temperatures used for the duplex-aged samples. Four samples were aged at each 
temperature for 1, 5, 8 and 24 hours respectively, thus using all 16 samples. An example of the 
conditions of each sample at a given aging temperature is represented in Table 3.1. 
Table 3.1: Example of Single-Aged Sample Heat Treatment Conditions 
Sample 
No. 
Aging Temperature 
(℃) 
Aging Duration 
(hours) 
Cooling 
Method 
1 
X 
1 Air-cooled 
2 5 Air-cooled 
3 8 Air-cooled 
4 24 Air-cooled 
Due to the sensitivity of the thermocouples, the furnace was not used until the temperature 
reading stabilised. During use, it was also found that the furnace would occasionally heat up to 
a temperature greater than specified. When this occurred, the furnace was opened momentarily 
to allow it to cool to the desired aging temperature. 
 
Parameter  
Type: 
MV MIHM-VOGT P6/B 
Laboratory Furnace 
Temperatures: 450℃, 500℃, 525℃, 550℃ 
Durations: 1 hr, 5hrs, 8 hrs, 24 hrs 
Cooling Method: Air cooled 
 
Figure 3.4: MV MIHM-VOGT P6/B Aging Furnace 
Once the aging temperature stabilised, four samples were placed into the furnace (one sample 
for each aging time). At the end of each aging time, each respective sample was removed from 
the furnace using tongs, and placed in a wire mesh basket to air cool to room temperature. This 
process was repeated for every sample at each aging temperature. 
Following aging, each sample needed to be mounted in resin and polished for microhardness 
testing. To prevent resin from solidifying on the testing surface, each sample was ground using 
a Struers RotoPol-31 grinding machine to create a flat surface. This was done carefully by hand 
using 120 grit paper, trying to ensure that no more than 2 mm of material was removed. 
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Parameter  
Type: Struers RotoPol-31 
Disc Speed: 150 rpm 
Paper: 120 grit 
Lubricant: Water 
 
Figure 3.5: Struers RotoPol-31 Grinding Machine 
A Struers CitoPress-30 sample mounting machine was used to mount each sample in Struers 
Multifast Powder. Since the samples were small in size, they were mounted using the small 
sample chamber, requiring approximately 15 mL of the Multifast powder to mount the samples.  
Upon removing each mounted sample from the CitoPress-30, the RotoPol-31 was again used 
to remove any solidified Multifast resin from the desired testing surface of each sample. 
 
Parameter  
Type: Struers CitoPress-30 
Sample diameter: 25 mm 
Powder: Struers Multifast 
Volume: 20 mL 
Heating Time: 3 minutes 
Cooling Time: 2 minutes 
 
Figure 3.6: Struers CitoPress-30 Sample Mounting Machine 
To maximise the reliability of the Vickers microhardness measurements, the exposed surface 
of each sample was ground and polished using a Struers TegraPol-31 with an attached 
TegraForce-5 sample holder, shown in Figure 3.7. The samples were placed evenly around the 
sample holder, to ensure that a uniform force was applied to each. For the sand papers of 120, 
320 and 1200 grit, the sample holder and platform rotated in the same direction at 150 rpm for 
3 minutes, with water being applied continuously.  
A polishing disk was then used to finalise the procedure, rotating in the opposite direction to 
the sample holder, both rotating at 150 rpm. Instead of water, a mixture of hydrogen peroxide 
and a colloidal silica suspension, more commonly known as OP-S, was applied to the polishing 
disk during the procedure. 
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Parameters  
Type: 
Struers TegraPol-31 and 
TegraForce-5 
Surface: 120, 320, 1200 grit OP-S  
Rotation Speed: 150 rpm 150 rpm 
Rotation Directions: same opposing 
Force Applied:  15 N 20 N 
Duration: 3 minutes 3 minutes 
 
Figure 3.7: TegraPol-31 Grinding Machine with TegraForce-5 Sample Holder 
These processes may need to be repeated, depending on the quality of the surface upon 
completion. If there are still some scratches remaining on the surface, it may be beneficial to 
repeat these processes. However, if surfaces aren’t cleaned effectively and there are still some 
particles remaining, additional polishing may scratch or damage the surface further. 
3.2.1 Preparation of Duplex-Aged Samples 
As mentioned, the duplex-aged Beta C samples had already been prepared for a study that was 
conducted prior to this project. Each of the duplex-aged samples had undergone the same 
sample preparation methodology as the single-aged samples of this project. However, the 
duplex-aged samples had undergone an additional pre-aging treatment at 300℃ for an aging 
time of 24 hours. This pre-treatment occurred prior to each sample being aged at the same 
temperatures and times as the single-aged samples. 
  
 Chapter 3: Experiment Methodology   | 34  
 
3.3 Microhardness Testing 
A Struers Duramin Vickers Microhardness tester was used to measure the hardness of both the 
single and duplex-aged samples. Prior to conducting the hardness tests, the Vickers hardness 
tester was calibrated using a test metal rated at 241 HV. 
 
Parameter  
Type: 
Struers Duramin Vickers 
Hardness machine 
Force applied (N): 9.807 
Duration: 12 seconds 
 
Figure 3.8: Struers Duramin Vickers Microhardness Tester 
Three indentations were made in the test metal with the diamond tipped pyramid indenter of 
the machine, ensuring that each indentation was in a different location and avoiding other 
indents, so that the average hardness value of the sample could be calculated. The value 
measured from the test metal was then used to determine the uncertainty in the measurements 
collected from both the single and duplex-aged Beta C samples. 
With the Vickers hardness tester calibrated, the hardness of the single-aged samples was 
measured. To minimise the error in the results, it was decided that a total of nine indentations 
should be measured. Due to the likely inconsistencies in the microstructure (refer to Figure 
2.7(b)), each indentation was taken in a different location on the sample as shown in Figure 3.9 
for a single-aged sample. The measurements taken from each of the nine locations were then 
used to determine the average hardness of each sample. The same methodology was also used 
when remeasuring the hardness of the duplex-aged samples, to verify the results collected from 
a previous study. 
  
Figure 3.9: Single-Aged Sample Indent Locations Figure 3.10: Mounted Single-Aged Sample 
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3.4 Scanning Electron Microscopy (SEM) 
3.4.1 Sample Preparation 
Before the SEM could be used to visualise the change in microstructures, each sample needed 
to be etched and cleaned. Due to the inherent difficulty with identifying the difference between 
the α and β phases, each sample needed to be etched to darken the α phase and make it more 
identifiable. Each sample also needed to be cleaned to prevent dust and other impurities from 
contaminating the vacuum chamber of the SEM itself. The following sections provide further 
instructions on how these methods were achieved for this project. 
3.4.1.1 Etching 
To help distinguish the α and β phases while using the scanning electron microscope (SEM), 
each of the samples were etched. Etching the samples caused the α phase to change to a darker 
colour, while the β phase remained as the lighter, or white, colour. The solution used to etch the 
samples was Kroll’s reagent, which was a mixture composed of 1-part acid and 4-parts distilled 
water. This solution was applied to the surface of each sample and observed until a noticeable 
colour change appeared. As soon as the colour changed, the Kroll’s reagent was removed by 
rinsing the sample with water. The samples were then blow dried and left in front of a heater to 
ensure that all of the water had evaporated.  
3.4.1.2 Sample Cleaning  
Before the samples could be viewed under the SEM, they were properly cleaned to ensure that 
no dust or other impurities could affect the images of the microstructure. Using clean samples 
also stops any contaminants from entering the SEM and interfering with future tests.  
A Retsch Ultrasonic Cleaner was used to ensure that all the samples were cleaned effectively. 
The operation of the Ultrasonic Cleaner involved placing each sample on the bottom of a glass 
beaker. The beaker was then filled with ethanol until all of the samples were completely 
submerged. Once submerged, the beaker was then placed in the mesh basket inside the 
Ultrasonic Cleaner with the timer set to 3 minutes, refer to Figure 3.11. 
Upon completion, the beaker was removed from the Ultrasonic Cleaner and, with gloved hands, 
each sample was removed from the beaker. Each sample was blow dried and placed in front of 
a heater to evaporate the remaining ethanol before being placed in a sealed container. 
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Parameter  
Type: Retsch Ultrasonic Cleaner 
Bath liquid: Ethanol 
Duration: 3 minutes 
 
Figure 3.11: Retsch Ultrasonic Cleaner 
3.4.2 SEM Methodology 
A scanning electron microscope (SEM) was used to inspect the microstructure of each sample, 
by visualising the growth of the α phase at the grain boundaries and the precipitation of α-
particles inside the β-grains. 
Each of the samples that had been prepared using the methods described in Section 3.4.1, were 
placed into the vacuum chamber of the SEM. Once the vacuum was generated inside this 
chamber, the “TM3030” computer program was opened and the microscope was activated. The 
on-screen image of the sample was then adjusted to produce a focused image of the 
microstructure. The focused image was repositioned to ensure that noticeable grain boundaries 
could be observed. It was desirable to observe the grain boundaries, since it made it easier to 
simultaneously visualise the growth of the α phase at the grain boundaries and the precipitation 
of the α-particles inside the β-grains. 
Once a desirable location was discovered, an image was saved at a magnification of 2000x, 
4000x and 8000x respectively. With the images saved, the program was stopped and the 
vacuum chamber was evacuated, before removing the sample from the SEM and adding the 
next sample. This process was repeated for all of the single and duplex-aged samples. 
 
Parameter  
Type: Hitachi TM3030 
Tabletop Microscope 
Focus Distance: D8 – D9 
Magnifications: 2000x, 4000x, 8000x 
 
Figure 3.12: Scanning Electron Microscope (SEM)
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4 Discussion of Experimental Results 
4.1 Microhardness Results 
The Vickers microhardness results collected from both the single and duplex-aged tests have 
been presented throughout. Note that a portion of the duplex hardness data was collected from 
a previous study completed by Sean Coutts. However, this data was validated after remeasuring 
a number of samples and assessing the difference between them, noting that the difference in 
hardness was relatively small. Therefore, the duplex hardness that is presented in this study is 
an amalgamation of the results obtained by both Sean Coutts and this author. A comparison of 
the measured results has been provided in Appendix B for review. 
4.1.1 Single-aged Properties 
The plot in Figure 4.1 displays the development of the average microhardness for the single-
aged samples of Beta C, with respect to the increase in aging temperature and aging time. The 
raw data collected from the hardness tests has been provided in Appendix A.  
The hardness of each single-aged sample was determined by averaging the measurements taken 
from the nine indents. Due to the greater likelihood for aged samples to produce inconsistent 
results, due to the presence of large areas of α and retained β phases, each of the nine 
measurements had been taken in different locations. Therefore, the averages presented in Figure 
4.1 represent the average hardness across each sample. Error bars have also been included to 
highlight the uncertainty in each measurement, with the positive and negative increments 
equating to the standard deviation of each result respectively. 
 
Figure 4.1: Single-aged Beta C Hardness Response against Aging Time 
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The most noticeable behaviour that can be identified for each aging temperature is the increase 
in hardness with the increase in aging time up to 24 hours. However, contrary to other aging 
temperatures, the hardness of the sample aged at 550℃ can be seen to decrease after more than 
8 hours of aging.  
The behaviour of increasing hardness with increasing aging time is replicated in literature. 
Increasing the aging time provides a greater opportunity for the α phase to precipitate during 
aging, resulting in a greater volume fraction of the α phase precipitates at a given aging 
temperature. The increased volume fraction of fine α phase precipitates results in greater 
coherency strains within the microstructure, which produces a greater resistance to dislocation 
motion and effectively increases the hardness of the single-aged Beta C samples. 
The effects of aging temperature are also shown in this plot, with hardness increasing with the 
decrease in aging temperature. Noticeably, the samples that were aged at 450℃ achieved the 
greatest hardness levels after 5 hours of aging, with the sample aged for 24 hours achieving the 
maximum hardness of 441 HV. 
The resulting decrease in hardness with the increase in aging temperature also effectively 
replicates what is presented in literature. As highlighted in Section 2.4.2.2, increasing the aging 
temperature above 500℃ can prevent the precipitation of the precursor β’ phase in the early 
stages of aging. Note that due to Beta C being a solute-rich metastable β alloy, it is expected 
that the ω phase does not form, as shown by the β-phase decomposition reactions in Section 
2.3.2. Due to the absence of these particles in the early stages of aging, the maximum hardness 
that can be attained at these aging temperatures is reduced. Therefore, this justifies why the 
samples aged for 450 and 500℃ achieve greater hardness, since they have been aged within the 
200-500℃ range specified in Section 2.3.2, which promotes the precipitation of the β’ phase. 
It is also found in literature, that the increase in aging temperature causes the acceleration of 
the strengthening process of precipitation hardening. This justifies why the samples aged for 
500 and 525℃ can be seen to attain a greater hardness than the sample aged at 450℃ after 5 
hours of aging, as the strengthening affect has occurred more rapidly as a result of the increase 
in aging temperature.  
The decrease in hardness for the samples aged at 525 and 550℃ for more than 8 hours can also 
be justified by this behaviour. Since increasing the aging temperature accelerates the 
strengthening process at the cost of maximum hardness, it is expected that these samples 
achieved peak hardness after a shorter aging time.  
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Additionally, based on the plot of hardness vs. aging time in Figure 2.14, it can be seen that 
extended aging times eventually result in overaging. Therefore, aging at temperatures above 
500℃ for extended periods of time would effectively overage the sample. Overaging Beta C 
causes the dissolution of the precursor and α phases, resulting in the restoration of ductility in 
the sample, and the subsequent decrease in hardness [12]. 
4.1.2 Duplex-Aged Properties 
The methodology used for the single-aged samples was replicated for the analysis of the duplex-
aged samples. The plot in Figure 4.2 therefore displays the development of the average 
microhardness for the duplex-aged samples of Beta C, with respect to the increase in aging 
temperature and aging time. 
 
Figure 4.2: Duplex-aged Beta C Hardness Response against Aging Time 
Much like the single-aged samples, the hardness of the duplex-aged samples can be observed 
to increase with the increase in aging time and the decrease in aging temperature, with the 450℃ 
samples achieving the greatest hardness on average. The maximum hardness that was measured 
from the duplex-aged samples was 438 HV for the sample aged at 450℃ for 24 hours, which 
is less than what was achieved by the single-aged sample under the same conditions.  
Since the justification for these properties is the same for both the single and duplex-aged 
samples, they will not be discussed further here. However, in comparison to the single-aged 
results, there are more examples of decreasing hardness of duplex-aged samples for aging times 
greater than 5 hours. This is especially noticeable for the samples that were aged at 500, 525 
and 550℃. As previously explained for the single-aged results, this decrease in hardness is 
likely to be a result of overaging restoring the ductility in the alloy. However, the reason as to 
why more of the duplex-aged samples have experienced overaging has not yet been explained.  
 Chapter 4: Discussion of Experimental Results  | 40  
 
The additional pre-aging step used in duplex-aging has effectively accelerated the strengthening 
process of each sample, similar to the effect of increasing the aging temperature. The pre-aging 
step acts to initiate the precipitation of the precursor β’ phase to generate additional sites for 
heterogeneous nucleation of the α phase during the final aging. As a result, when the duplex-
aged samples are aged for extended times of more than 5 hours, they become susceptible to 
overaging. This would then justify why the duplex-aged samples demonstrate a decrease in 
hardness at temperatures lower than when the same behaviour is identified in the single-aged 
samples. 
4.1.3 Microhardness Comparison 
The results presented in Figure 4.1 and Figure 4.2 have been separated into the four plots shown 
below in Figure 4.3, to simplify the process of comparing the hardness results between single 
and duplex-aged Beta C at each aging temperature. Error bars have again been included to 
highlight the uncertainty of each result, with the positive and negative increments equating to 
the standard deviation of each result. Larger scale versions of these plots have been provided in 
Appendix D. 
  
(a) Aged at 550℃ (b) Aged at 525℃ 
  
(c) Aged at 500℃ (d) Aged at 450℃ 
Figure 4.3: Comparison of Single and Duplex-aged Beta C Hardness 
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In each of the four plots presented, it can be seen that the hardness of both the single and duplex-
aged samples are developing in the same way. This similarity is especially noticeable with the 
sharp increase in hardness between aging times of 1 and 5 hours, with the result of the single-
aged results (in blue) almost mirroring the duplex-aged results (in orange). 
Despite the similarities, there is a noticeable difference in the attained hardness between the 
single and duplex-aged samples. In each plot, it can be seen that the hardness of the duplex-
aged samples is greater than the single-aged samples. Notable exceptions to this can be seen for 
the 24 hour results in Figure 4.3(c) and (d), where the single-aged samples have exceeded the 
hardness of the duplex-aged samples. Although, as previously covered, this is likely due to the 
overaging of the duplex-aged samples after an aging time of 5 hours. 
This difference in hardness is due the additional pre-aging step conducted in duplex-aging. The 
pre-aging step used, involved aging the Beta C at 300℃ for 24 hours, which is safely within 
the temperature range specified in Section 2.3.2 for the precipitation of the β’ phase. The 
effective decomposition of the β phase into the β’ precipitates helps to accelerate the 
strengthening process prior the final aging. The addition of these precipitates generates a more 
homogeneous distribution of the α phase platelets throughout the microstructure. These α 
platelets are then able to grow and coarsen during the final aging step until the desired hardness 
is achieved [1]. The addition of the pre-aging step also acts to bypass the additional aging time 
that would otherwise be required for single aging to generate the equivalent results. 
Since the method of single aging does not use this pre-aging step, the alloy needs to precipitate 
the α phase from a supersaturated solid solution of the β phase containing few sites for 
heterogeneous nucleation. Therefore, the resulting microstructure of the duplex-aged alloy is 
expected to have a more homogeneous distribution of finely dispersed α phase particles. This 
finer dispersion ultimately increases the volume fraction of the α phase, since a greater number 
of α phase platelets are able grow and coarsen during the final aging step. The increased volume 
fraction of the α phase increases the amount of coherency strains throughout the microstructure, 
resulting in the increased resistance to dislocation motion. 
This result almost replicates what has been found in existing literature. The study completed by 
Pande et al. [27], obtained similar results following the hardness tests of a different metastable 
β alloy, Ti-15-3, that had either been single or duplex-aged. Upon review, it was also found that 
the duplex-aged samples achieved a greater hardness than the single-aged samples. Therefore, 
this increase in hardness for the duplex-aged Beta C agrees with existing literature. 
 
 Chapter 4: Discussion of Experimental Results  | 42  
 
4.2 Investigation of Uncertainty 
The uncertainty of each hardness measurement was determined by the standard deviation of the 
nine measurements taken for each sample. The standard deviation was calculated using the 
Equation (11) below, where ?̅? is the mean of the measurements, and n is the number of 
measurements taken. The resulting value was then used to determine the overall error in the 
measured hardness of each sample, as shown by the error bars in the hardness plots, and the 
values in the raw data provided in Appendix A. 
𝑠 = √
∑(𝑥𝑖 − ?̅?)2
𝑛 − 1
 (11) 
The major cause of uncertainty is likely due to the inconsistencies in the microstructure that are 
especially present in the samples that were aged for shorter aging times. This is due to the larger 
and more segregated areas of α and β phases that are present throughout the microstructure. 
To validate the uncertainty, and investigate the difference in hardness between the α and β 
phases, hardness tests were conducted on a number of single-aged samples, with the results 
presented in Table 4.1 below.   
It can be seen that the difference in hardness between the α and β phases can vary between 8 
and 20 HV. Therefore, it is likely that the majority of the uncertainty in the measured results, is 
due to the variation of α and β phases throughout the microstructure. Indentations taken in the 
β-phase areas would produce lower hardness results than the indentations taken in areas with 
higher concentrations of the α-phase precipitates. 
Table 4.1: Microhardness of α and β phases 
Sample Phase Average Hardness (HV) Standard Deviation Difference 
550℃/1hr 
β  304.0 6.8 
8.3 
α 312.3 4.6 
525℃/1hr 
β  299.3 2.1 
9.0 
α 308.3 3.3 
500℃/1hr 
β  298.8 6.0 
13.8 
α 312.5 7.1 
450℃/1hr 
β  291.3 5.4 
20.5 
α 311.8 5.1 
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4.3 Microstructure Analysis 
To further support the observations made from the hardness results, a scanning electron 
microscope (SEM) was used to analyse the microstructure of each sample. Due to the etchant 
used on the samples, the images captured from the SEM effectively displayed the growth and 
refinement of the α phase precipitates for the progression in aging time and temperature. 
Unfortunately, the formation of the ω and β’ phases could not be identified, as the equipment 
required to achieve this was unavailable. 
4.3.1 Single-aged Beta C microstructure 
All of the single-aged samples were observed using the SEM. To further validate the collected 
hardness results, the SEM images needed to demonstrate the increase in volume fraction of the 
α phase precipitates with the increase in aging time. The increased volume fraction would 
therefore justify the increase in hardness, since the increase in α phase would result in more 
impedances to dislocation motion, which ultimately increases the hardness of the alloy. 
4.3.1.1 Growth of α-phase with the increase in aging time 
The SEM images in Figure 4.4, collected from the samples that were aged at 450℃, can be 
seen to demonstrate this behaviour. The volume of the dark α-phase precipitates can be seen to 
increase significantly as the sample is aged for extended aging times. 
Figure 4.4(a) displays the microstructure for the single-aged sample that was aged for 1 hour. 
In comparison to the remaining SEM images, there is a noticeable absence in the α-phase 
precipitates. In addition, the majority of the α phase that has precipitated is still surrounded by 
the β-phase matrix, which comprises the majority of the microstructure, making each precipitate 
individually distinguishable. Although the majority of the α-precipitates are sparse throughout 
the microstructure, the α phase has appeared to precipitate more prominently at the grain 
boundaries, indicating that the grain boundaries have acted as an easier location for α-phase 
nucleation to occur during aging. 
As the aging time increases to 5 hours, displayed in Figure 4.4(b), both the precursor β’ phase 
and α phase have had more time to precipitate, resulting in a significant increase in the volume 
fraction of the α phase. This significant increase supports the sudden increase in hardness shown 
in each plot of Figure 4.3, due to the increase in dislocation boundaries. It is important to note 
that only the β’ precursor phase is expected to precipitate during aging, due to the “solute-rich” 
composition of Beta C, as represented by the decomposition reactions presented in 
Section 2.3.2.  
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This further justifies the sudden growth in α-phase precipitation, as Collings [12] stated that the 
β’ precipitates have a common property of nucleating the α phase. Therefore, increasing the 
volume fraction of β’ precipitates during the initial stages of aging assists in distributing a larger 
volume fraction of the α phase during aging. 
 
(a) (b) 
(c) 
 
(d) 
Figure 4.4: SEM images of single-aged Beta C at 450℃: (a) 1hr (b) 5hrs (c) 8hrs (d) 24hrs 
Unfortunately, the SEM could not be used to detect the presence of ω or β’ phases in the 
microstructure. However, the α-precipitates are seen to grow preferentially within the β-grains 
as opposed to the grain boundaries. This observation is further supported by the remaining β 
phase being located close to the grain boundaries. Therefore, it can be concluded that the α 
phase is nucleating preferentially from the precipitates within the β-grains, which further 
justifies the more homogeneous distribution of the α phase between 1 and 5 hours of aging. 
For the samples that were aged for 8 and 24 hours, shown in Figure 4.4(c) and (d) respectively, 
the effective change in microstructure between aging times is less significant. Although, the 
increase in aging time after 5 hours results in the gradual depletion of the retained β-zones. This 
gradual depletion in the β phase is accompanied by the more gradual increase in hardness that 
occurs after 5 hours of aging.  
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A less obvious change that also appears to occur between 8 and 24 hours of aging, is the size 
of the α-phase precipitates. The microstructure for the 24 hour aged sample in Figure 4.4(d) 
displays a more homogeneous distribution of fine α-phase particles, whereas the 8 hour aged 
sample retains a more “needle-like” morphology. This slight changed in particle size is likely 
to have caused the slight increase in hardness for the sample aged for 24 hours, as the finer 
dispersion of smaller particles produces a greater number of dislocation boundaries. 
4.3.1.2 Development of the α-phase with the increase in aging temperature 
To further support the relationship discovered between hardness and aging temperature, and 
further investigate the potential effects of overaging, the SEM images presented in Figure 4.5 
below have been compared. Each of the samples presented had been aged for 24 hours, but at 
the four different aging temperatures that were used in the project. 
  
(a) 450℃ (b) 500℃ 
  
(c) 525℃ (d) 550℃ 
Figure 4.5: SEM images of single-aged Beta C aged for 24 hours 
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The most observable difference between the resulting microstructures, is the appearance of the 
α-phase precipitates. As the aging temperature increases, the size of the precipitates also 
increases. Monitoring the progression with aging temperature, also reveals the gradual 
transformation and growth of fine precipitates into more “needle-like” α-phase platelets. In 
addition, a noticeable outcome of the increase in α-precipitate size, is the increase in interstitial 
β-phase matrix that begins to surround the larger α-platelets. 
The combination of larger α-phase precipitates and greater concentrations of the parent β-phase 
matrix present in the microstructure can be used to justify the decrease in hardness with the 
increase in aging temperature. Increasing the precipitate size effectively decreases the hardness 
of the sample, as the number of barriers to dislocation motion decreases. Coupled with the 
effects of increasing the concentration of the β phase, which increases ductility, the resulting 
microstructures can be used to support the hardness results that have been collected. 
The effect of the α phase precipitates increasing in size with respect to the increase in aging 
temperature also effectively supports the claim that the decrease in hardness for extended aging 
times is due to overaging. 
4.3.2 Comparison with Duplex-aged Beta C microstructure 
Due to the similar hardness results produced by both the single and duplex-aged samples, it is 
expected that the duplex-aged samples would have similar microstructure developments with 
the increase in aging time and the decrease in aging temperature. However, a comparison of the 
resulting microstructures between both heat-treating methods was conducted to determine the 
differing characteristics between single and duplex aging. The SEM images in Figure 4.6 and 
Figure 4.7 provide a “side-by-side” comparison of the developing microstructure, with respect 
to aging time, for both the single and duplex-aged samples. 
The SEM images being compared were taken from single and duplex-aged samples that were 
aged at 525℃ for 1, 5 and 8 hours respectively. Both the single and duplex-aged samples were 
exposed to the same conditions, with the exception of the pre-aging treatment of 300℃ for 24 
hours performed on the duplex-aged samples. As a result, the comparison should accurately 
depict the cause of difference between the single and duplex aging of Beta C. 
When comparing the SEM images for the samples that were aged for 1 hour, there is a 
noticeable difference in the microstructure between single and duplex aging. Figure 4.7(a) 
displays a greater homogeneous distribution of the α-phase precipitates throughout the duplex-
aged sample. This gives the sample a similar appearance to that observed in the single-aged 
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sample aged at 450℃ for 5 hours in Figure 4.4(b) above. By comparison, the single-aged 
sample in Figure 4.6(a) displays larger areas of the parent β-phase matrix, with minimal 
precipitation of the α phase.  
  
(a) (a) 
  
(b) (b) 
  
(c) (c) 
Figure 4.6: SEM images of single-aged samples 
aged at 525℃: (a)1 hr (b) 5 hrs (c) 8 hrs 
Figure 4.7: SEM images of duplex-aged samples 
aged at 525℃: (a) 1 hr (b) 5 hrs (c) 8 hrs 
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The effects of aging time on the single-aged samples are similar. It can be seen that the majority 
of the precipitated α-phase in the single-aged sample is located at the grain boundaries, whereas, 
for the duplex-aged sample, the majority of the α-precipitation has occurred within the β-grains. 
These initial observations support the hardness results that have been collected for this project. 
The increased volume of α-phase precipitates in the duplex-aged sample supports the noticeable 
increase in hardness of those duplex-aged samples over the equivalent single-aged samples. 
The validity of these microstructures is also supported by what has been found in literature, in 
particular, the images shown in Figure 2.7 and Figure 2.19. 
As the aging time increases to 5 hours, Figure 4.6(b) shows the significant increase in the 
precipitation of the α phase, with microstructures of both the single and duplex-aged sample 
looking more resemblant. However, the main difference to be observed is the noticeable 
presence of the parent β-phase in the single-aged sample. The duplex-aged sample displays a 
nearly complete precipitation of the α phase, with no identifiable precipitation-free β zones. 
This difference in the microstructure further justifies the difference in hardness between single 
and duplex aging after 5 hours of aging. 
Finally, as the aging time reaches 8 hours, finding the differences in the single and duplex-aged 
microstructures becomes increasingly difficult. It can be seen that both the single and duplex-
aged microstructures, in Figure 4.6(c) and Figure 4.7(c) respectively, have effectively reached 
the climax in the phase transformation. The α phase has predominantly precipitated to 
completion in both samples and the only difference that can be observed between the two 
microstructures, is the α-precipitate grain size. As expected, the duplex-aged sample has a much 
finer distribution of fine α-phase particles throughout the microstructure. Although there are 
some areas of the single-aged sample that demonstrate this feature, there are also areas of the 
larger “needle-like” α-precipitates that are still present in its microstructure. Therefore, the 
duplex-aged sample is still likely to have a greater hardness as a result. 
The common difference that can be identified by comparing the microstructure of single and 
duplex-aged Beta C, is the amount of α-phase precipitation that occurs at each respective aging 
time. It is observed that the pre-aging step used in duplex aging acts to accelerate the 
strengthening process by increasing the volume fraction of α-phase precipitation. This outcome 
almost mirrors the effects of increasing the aging temperature for the single-aged sample, which 
also accelerates the strengthening process. Therefore, it can be concluded that the addition of 
the pre-aging step for duplex aging helps to accelerate the strengthening process of precipitation 
hardening during aging. 
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4.4 Comparison of Mechanical Properties 
From literature, it had been stated by Lütjering et al. [1] that the homogeneous distribution of 
α-precipitates is difficult to achieve in solute rich metastable β alloys when they are aged above 
the precursor two-phase region shown in Figure 2.6. As a result, the precipitation of the β’ and 
α phases is too “sluggish” to occur during normal aging treatments [1]. 
Based on the results that have been collected, and the information that has been presented in 
literature, it is apparent that the addition of the pre-aging step ultimately produces a 
characteristic difference in attainable hardness between the single and duplex aging treatments. 
The pre-aging step has been found to initiate the precipitation of the β’ and α phases prior to 
final aging. As result, when the duplex-aged samples are induced to the same conditions as the 
single-aged samples, there are more surfaces for the heterogeneous nucleation to occur, 
resulting in a greater volume fraction of α-precipitates under the same conditions. This also 
justifies the noticeable difference in initial grain growth between the two heat treatments. 
During the phase transformation of the single-aged samples, it is more common for the 
nucleation to initiate at the grain boundaries, as they comprise the majority of the available 
surfaces that the α phase is capable of nucleating from. This also simultaneously explains why 
the duplex-aged samples show evidence of preferential α-phase formation from within the β-
grains, since the α phase is nucleating from the precipitates that had formed during the pre-
aging treatment. 
In summary, it can be seen that the duplex-aged samples are capable of achieving greater levels 
of hardness earlier, due to the addition of the pre-aging treatment. The pre-aging treatment acts 
to increase the heating period of the alloy and, depending on the aging temperature, can cause 
the preliminary precipitation of the β’ phase. 
At aging temperatures below 500℃, it is found the precipitation of the β’ phase occurs more 
readily, agreeing with the decomposition reaction shown in Section 2.3.2. As a result, duplex-
aged alloy has a greater number of surfaces for the α phase to nucleate from heterogeneously, 
resulting in a larger development of the α phase at an earlier stage of the aging process. 
However, at aging temperatures above 500℃ (i.e. above the β’+β transus temperature), less β’ 
phase precipitation occurs and the maximum attainable hardness is reduced, in addition to the 
alloy becoming more susceptible to overaging. 
Conversely, since single-aged alloys do not undergo this pre-aging treatment the resulting 
formation of the β’ precipitates and eventual growth of the α phase is noticeably slower. The 
absence of additional precipitates prior to aging causes the single-aged alloy to have 
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significantly less locations from which the α phase can heterogeneously precipitate, thus giving 
it a lower volume fraction of the α phase under the same conditions. The absence of the pre-
treatment precipitates also prevents the single-aged samples from achieving a homogeneous 
distribution of the α phase during the phase transformation, resulting in the large areas of 
retained β-phase, which ultimately act to maintain the ductility in the alloy. 
After extended aging times, the differences in the microstructure and mechanical properties of 
single and duplex-aged Beta C become more difficult to identify, especially with a 3 HV 
difference in maximum hardness. However, the duplex aging method is capable of achieving 
greater hardness results at an accelerated rate, and with a more uniform distribution of hardness 
throughout the alloy. 
Overall, it is becoming more apparent that the results collected in this investigation are 
correlating with the existing results and justifications found literature. Therefore, it can be 
concluded, with sufficient evidence, that the process of additive manufacturing of Beta C has 
negligible effect on the outcome of post-build heat treatments. 
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5 Conclusions and Recommendations 
5.1 Achievement of Project Aims 
The underlying motivation of this project was to contribute to the understanding of how the 
mechanical properties of additive manufactured titanium Beta C can be varied through post-
build heat treatments. To accomplish this, the aim of this research was to investigate the 
differences between single and duplex aging by characterising the different effects on the 
microstructure and mechanical properties of titanium Beta C. It was also made necessary to 
develop a conclusion on what causes the difference between the two heat treatment methods 
and whether additive manufacturing alters the final outcome.  
To achieve these aims, the hardness and microstructure of additive manufactured Beta C that 
had been single and duplex-aged under different aging temperatures, for aging times up to 24 
hours, was assessed. Given the correlation between the experimental results and the existing 
literature, and the subsequent analysis of both, it can be concluded that these aims were 
achieved. 
5.2 Discussion of Results 
In both the single-aged and duplex-aged hardness results, it was found that the increase in aging 
time produced an increase in hardness. This was found to agree with literature, as the aging 
curve in Figure 2.14 shows the same behaviour. The SEM images of both the single and duplex-
aged samples also showed increased volume fractions of the α phase platelets that developed 
with increased aging times. The increased development of the α phase also supports the 
literature on precipitation hardening, as the increase in fine precipitates results in increased 
coherency strains within the microstructure, which act to resist dislocation motion. 
Conversely, it was found that the hardness increased with the decrease in aging temperature, 
with the lowest aging temperature of 450℃ achieving greater levels of hardness on average. 
This outcome supports the literature on aging in Section 2.4.2, as it is known that increasing the 
aging temperature effectively shortens the strengthening process and reduces that maximum 
attainable hardness. In addition, it was found that aging at temperatures above 500℃ would 
also likely reduce the volume of β’ phase precipitates during aging, due to the elevated 
temperature exceeding the β’+β transus temperature shown by the phase diagram in Figure 2.6. 
This reduction in the precursor β’ phase precipitates would ultimately reduce the volume of α 
phase that could precipitate during aging and subsequently result in the decrease in hardness.  
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Evidence of overaging was also found to occur more readily in the duplex-aged samples, with 
noticeable declines in hardness following aging times of more than 5 hours. This was justified 
by the accelerated strengthening process induced by the pre-aging treatment, which effectively 
shortens the aging time required to achieve peak hardness, resulting in the earlier onset of 
overaging. This was further supported in literature by Collings [12], who stated that overaging 
is accompanied by the dissolution of the precursor phases, which results in the restoration of 
the alloys ductility. 
A comparison of the attainable hardness for single and duplex aging, revealed that duplex-aged 
Beta C was capable of achieving a greater hardness on average than the single-aged Beta C. It 
is evident that the addition of the pre-aging step applied at temperatures within the β’+β region, 
acts to increase the volume of precursor β’ phase precipitates within the microstructure prior to 
final aging. As a result, there are more locations for the α phase to heterogeneously nucleate 
during final aging, which improves the homogeneous distribution of the α phase platelets, and 
ultimately the hardness of the alloy. This was further supported by the SEM images of the 
respective microstructures, as the duplex-aged samples showed a significant acceleration in α 
phase precipitation and a more homogeneous distribution of fine α-phase precipitates. 
Therefore, it can be concluded that the addition of the pre-aging treatment and the resulting 
increase in volume fraction of the α-phase precipitates is what characterises duplex-aged Beta 
C from single-aged Beta C produced by additive manufacturing. 
This outcome is further supported by the findings made in the studies completed by Pande et 
al. [27] Chaikh et al. [28], which both showed the similar differences in microstructure between 
single and duplex-aged titanium β alloys. 
Therefore, given the similarities in results between wrought and additive manufactured Beta C 
that has either been single or duplex-aged, it can be concluded that the effects of additive 
manufacturing does not significantly affect the outcome of the microstructure and mechanical 
properties following post-build heat treatments. 
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5.3 Recommendations 
Although conclusions have been made regarding the results collected during the project, there 
are certain gaps in this research that could be filled through continued investigations. Therefore, 
in the interest of improving and publishing this work, the following recommendations have 
been considered. A draft of the resulting publication has also been provided in Appendix E. 
To improve the understanding of the microstructure development from both single and duplex 
aging, it would be beneficial to monitor the development of the precursor phases during aging. 
The most common methods used to observe these phases include transmission electron 
microscopy (TEM) and x-ray diffractometry (XRD), with a number of existing studies using 
either one or both of these methods. 
TEM is a method that is capable of identifying the precipitation of the β’phase within metastable 
β alloys. The process of which is similar to observing the development of the α phase through 
an SEM, with the β’ phase being found as dark precipitates in the β-phase matrix. 
XRD is an effective method for identifying the ω phase, since the ω-particles diffract the rays 
and appear as spots or lines of intense light upon observation [12]. Although literature states 
that Beta C does not precipitate the ω phase, it may be of value to see if any ω phase is present 
at low aging times and temperatures. 
The observations made from both the TEM and XRD methods may further justify the 
accelerated growth of the α phase in duplex-aged Beta C, by identifying an increased volume 
fraction of the precursor phase precipitates following the pre-aging step. The XRD method 
could also be used to observe the potential dissolution of the precursor phases as a result of 
overaging, further supporting the reasons for decrease in hardness following aging treatments 
at elevated temperatures. 
The mechanical properties of additive manufactured Beta C should also be further examined 
through tensile and compression testing. An accurate measurement and comparison of yield 
and compression strength of single and duplex-aged Beta C would give more comprehensive 
data for the comparison of the results achieved by the two aging processes. 
Finally, the addition of more aging temperatures and times would assist in producing a more 
accurate representation of the development of the hardness in single and duplex-aged Beta C. 
These results would also generate more accurate data to better identify and characterise the 
discrepancies between wrought and additive manufactured titanium Beta C. 
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Appendix 
Appendix A: Raw Vickers Microhardness Measurements 
Table A.1: Raw Single-Aged Beta C Microhardness Data 
 
  
1 2 3 4 5 6 7 8 9
550/1hr B 291 296 289 290 299 283 282 291 293 282 299 5.5 290.4
550/5hr A 345 337 347 360 342 342 343 346 344 337 360 6.3 345.1
550/8hr A 352 351 355 361 359 349 350 355 357 349 361 4.2 354.3
550/24hr A 350 352 355 349 344 346 340 348 350 340 355 4.4 348.2
525/1hr A 289 290 306 282 292 292 301 289 301 282 306 7.6 293.6
525/5hr A 369 369 365 367 368 361 373 356 369 356 373 5.1 366.3
525/8hr A 363 370 367 365 366 362 373 372 357 357 373 5.1 366.1
525/24hr A 375 374 375 366 366 381 363 360 369 360 381 6.8 369.9
500/1hr B 290 295 292 291 293 291 294 296 288 288 296 2.5 292.2
500/5hr B 405 391 390 400 403 404 404 397 399 390 405 5.6 399.2
500/8hr B 384 384 388 387 387 393 384 391 383 383 393 3.5 386.8
500/24hr B 400 410 406 411 406 403 409 409 408 400 411 3.6 406.9
450/1hr C 309 295 295 294 298 296 299 295 302 294 309 4.8 298.1
450/5hr B 355 339 360 353 327 373 363 341 348 327 373 14.0 351.0
450/8hr B 393 387 400 405 399 397 383 407 402 383 407 8.0 397.0
450/24hr B 437 438 446 444 450 433 439 440 439 433 450 5.1 440.7
AverageSample
Calibration 
Test
Position
Minimum Maximum
Standard 
Deviation
Top Middle Bottom
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Table A.2: Raw Duplex-Aged Beta C Microhardness Data Analysis 
 
*Entries in blue are the duplex-aged measurements that were redone to verify the existing duplex-aged hardness results. 
Table A.3: Vickers Microhardness Calibration Tests on 241 HV Test Metal 
 
1 2 3 4 5 6 7 8 9
550/1hr D 308 335 307 307 327 314 322 321 311 307 335 9.9 316.9
550/5hr N/A 352 370 373 366 366 371 358 358 367 352 373 7.0 364.6
550/8hr N/A 348 349 350 343 351 345 338 352 349 338 352 4.5 347.2
550/24hr N/A 354 347 359 351 359 350 351 361 364 347 364 5.8 355.1
525/1hr N/A 319 316 311 302 307 315 309 299 323 299 323 7.9 311.2
525/5hr N/A 377 381 382 375 387 383 373 386 377 373 387 4.9 380.1
525/8hr N/A 379 395 389 384 390 363 375 382 377 363 395 9.5 381.6
525/24hr N/A 374 386 381 373 383 390 373 375 372 372 390 6.6 378.6
500/1hr E 295 319 288 302 308 304 303 305 295 288 319 8.9 302.1
500/5hr E 399 388 384 397 393 391 384 393 392 384 399 5.2 391.2
500/8hr E 397 418 402 403 417 416 400 414 402 397 418 8.4 407.7
500/24hr N/A 393 405 389 389 411 401 399 400 388 388 411 8.0 397.2
450/1hr N/A 292 300 308 300 296 306 313 306 303 292 313 6.4 302.7
450/5hr N/A 414 422 411 422 434 415 419 422 422 411 434 6.7 420.1
450/8hr N/A 416 431 430 410 440 418 428 433 454 410 454 13.3 428.9
450/24hr N/A 430 433 432 449 429 455 441 446 426 426 455 10.2 437.9
Sample
Calibration 
Test
Position
Minimum Maximum
Standard 
Deviation
AverageTop Middle Bottom
1 2 3
A 230 227 223 226.7
B 230 229 230 229.7
C 240 241 240 240.3
D 229 230 231 230.0
E 226 225 233 228.0
Calibration Test: Material 241 HV
Test Average
Position
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Appendix B: Validation of Duplex-aged Hardness Measurements 
 
Appendix C: Hardness Measurements of α and β phase regions 
 
1 2 3 4
light 309 294 306 307 294 309 6.8 304.0
dark 306 314 312 317 306 317 4.6 312.3
light 302 297 299 299 297 302 2.06 299.3
dark 306 312 310 305 305 312 3.30 308.3
light 303 304 291 297 291 304 6.02 298.8
dark 317 307 306 320 306 320 7.05 312.5
light 293 288 286 298 286 298 5.38 291.3
dark 309 317 306 315 306 317 5.12 311.8
450/1hr 20.5
500/1hr 13.8
525/1hr 9.0
550/1hr 8.3
Maximum
Standard 
Deviation
Average DifferenceSample Zone
Position
Minimum
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Appendix D: Graphs of Vickers Hardness (HV) vs. Aging Duration (hours) 
 
Figure D.1: Comparison of Single and Duplex-Aged Measured Hardness at 550℃ 
 
 
Figure D.2: Comparison of Single and Duplex-Aged Measured Hardness at 525℃ 
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Figure D.3: Comparison of Single and Duplex-Aged Measured Hardness at 500℃ 
 
 
Figure D.4: Comparison of Single and Duplex-Aged Measured Hardness at 450℃ 
  
   | 62  
Appendix E: Draft Journal Publication 
Characterising the Differing Effects between Single and Duplex Aging on the 
Microstructure and Mechanical Properties of Ti-3Al-8V-6Cr-4Mo-4Zr (Beta C) 
Titanium Produced by Additive Layer Manufacturing 
M. Berminghama ,  M. Newlanda ,  S. Couttsa 
a School of Mechanical and Mining Engineering, The University of Queensland, St Lucia, QLD, 4072, Australia 
A R T I C L E  I N F O  A B S T R A C T 
Article history: 
Received 30 May 2019 
Accepted: TBC 
Available online: TBC 
 Titanium is often considered to be too expensive for most commercial 
applications, prompting the growth of research into additive manufacturing 
(AM). However, the mechanical properties of additive manufactured titanium 
can be undesirable and generally require appropriate heat treatments to 
improve the mechanical properties. The aim of this project was to therefore 
determine how the mechanical properties of additive manufactured titanium 
Beta C could be varied through post build heat treatments. This was achieved 
by characterising the difference between single and duplex aging and 
assessing whether there was a noticeable difference between wrought and 
additive manufactured Beta C. 
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1. Introduction 
Titanium is the fourth most abundant metal on 
the planet, after aluminium, iron and 
magnesium [1]. Unfortunately, despite its 
abundance, titanium is often considered to be 
too expensive for most commercial 
applications. However, research has been 
focused on the process of additive 
manufacturing (AM), and how it can be used to 
simultaneously minimise the material waste and 
the cost of production. 
Wire arc additive manufacturing (WAAM) has 
become increasingly popular, due its high 
deposition rate and its ability to produce large 
components with high dimensional accuracy 
[5]. The production process begins with the 
creation of a small melt pool on the surface of a 
substrate [5]. The wire of the chosen material is 
then fed into the melt pool and melted with an 
arc-welder. The wire feed and arc-welder 
assembly moves relative to the base plate and 
traces the shape of the product in layers [5]. The 
addition of each layer is stacked onto the 
previous layer by overlapping the deposited 
material [5]. This process is repeated until the 
part is completed. 
Currently, the most common titanium alloy 
used in additive manufacturing processes, like 
WAAM, is the α+β alloy, Ti-6Al-4V. This is 
due to its desirable mechanical properties, 
including its high strength-to-weight ratio, 
weldability and corrosion resistance. 
The metastable β alloy, Beta C, shares similar 
mechanical properties. However, Beta C is far 
more responsive to heat treatments and is 
capable of attaining greater strengths than Ti-
6Al-4V [3]. Despite this comparison, however, 
very little knowledge exists on the mechanical 
properties of additive manufactured β alloys, 
following post build heat treatments. 
Titanium Beta C is a metastable β alloy of 
composition Ti-3Al-8V-6Cr-4Mo-4Zr. Due to 
its high concentration of β-stabilising elements, 
it is also categorised as a “solute-rich” β alloy. 
During aging, β alloys, like Beta C, undergo 
precipitation (age) hardening through the 
precipitation of the α phase during aging. The 
formation of α-precipitates in β alloys, 
effectively increases the hardness of the alloy 
through the increase of interstitial atoms that act 
to increase the coherency strain within the 
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microstructure. Higher coherency strains are 
known to resist more dislocation motion, 
resulting in an increase in hardness. Therefore, 
the more homogeneous the distribution of α 
phase precipitates, the harder the alloy will be. 
However, it is uncommon for the β phase to 
precipitate α phase directly, since it is difficult 
for the HCP α phase to nucleate from the BCC 
β phase[2]. As a result, it is more common for 
the β phase to decompose into the metastable 
intermediate precipitates ω and β’, which act as 
heterogenous nucleation locations for the α 
phase [2]. The presence of these precipitates is 
dependent on the composition of the β alloy, 
which can either be solute learn or solute rich, 
as shown by the decomposition reaction 
equations below: 
Solute-lean Alloys (βlean): 
@ 100-500℃:     β → ω + β → α + β 
Solute-rich Alloys (βrich): 
@ 200-500℃:     β → β’ + β → α + β 
Since Beta C is a solute-rich metastable β alloy, 
it is therefore, expected that no ω phase will be 
present following aging. This is fortunate, as the 
ω phase is usually undesirable for alloys that are 
required for strength purposes, as it can be a 
major contributor to the brittleness of an alloy. 
Alternatively, the β’ phase increases the 
strength of titanium alloys without embrittling 
them, and they have a common property of 
nucleating the α phase [4]. 
It was expected that the volume fraction of these 
phases is effectively what distinguishes the 
difference in resulting properties between single 
and duplex aging of Beta C. Existing literature 
on the single and duplex aging of wrought Beta 
C has also shown that the duplex-aged result 
produces greater hardness.  
Therefore, the primary aim of this project is to 
assess the difference between single and duplex 
aging by characterising the respective effects on 
the microstructure and mechanical properties of 
additive manufactured titanium Beta C. From 
this, a conclusion would then be made on 
whether additive manufacturing had altered the 
mechanical properties of the post build heat 
treatments. 
{Add objective for TEM and XRD analysis} 
{Add objective for tensile and compression 
strength comparison} 
2. Experimental Procedure 
A gas tungsten arc-welder (GTAW) was used to 
manufacture the Beta C samples. Both the 
single and duplex-aged samples were solution 
treated at 850℃ for 20 min and subsequently 
aged at 450, 500, 525 and 550℃ for aging times 
of 1, 5, 8 and 24 hours. However, the duplex-
aged sample was also pre-aged at 300℃ for 24 
hours.  
Vickers microhardness testing was done on 
each sample to assess the effect of aging time 
and temperature. To minimise the error in the 
results, it was decided that a total of nine 
indentations should be measured. Due to the 
likely inconsistencies in the microstructure each 
indentation was taken in a different location on 
the sample. The nine measurements were then 
averaged to determine the hardness of each 
sample. The same methodology was also used 
when remeasuring the hardness of the duplex-
aged samples. 
Figure 1: Hardness Indent Locations 
A scanning electron microscope (SEM) was 
then used to observe the development of the α 
phase with respect to aging time and 
temperature in each sample. Before the SEM 
was used, each sample was etched with Kroll’s 
reagent to darken the α phase and make it more 
identifiable. Each sample was then cleaned to 
prevent impurities from contaminating the 
vacuum chamber of the SEM. 
{Add method for transmission electron 
microscopy (TEM)} 
{Add method for X-ray Diffraction (XRD)} 
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3. Discussion of Results 
Microhardness Results 
The collection of hardness results revealed a 
shared property between single and duplex-
aging. It was found that the increase in aging 
time produced an increase in hardness. 
Conversely, the hardness increased with the 
decrease in aging temperature, with the lowest 
aging temperature of 450℃ achieving greater 
levels of hardness on average. It also was found 
that aging at temperatures above 500℃ would 
also likely reduce the volume of β’ phase 
precipitates during aging, due to the elevated 
temperature exceeding the β’+β transus 
temperature. 
Both of these properties are supported by the 
literature on aging, as it is known that increasing 
the aging temperature effectively shortens the 
strengthening process and reduces the 
maximum attainable hardness. In addition, 
increasing the aging time also allows the alloy 
to reach its peak hardness before subsequently 
decreasing due to overaging.  
Evidence of overaging was also found to occur 
more readily in the duplex-aged samples, with 
noticeable declines in hardness following aging 
times of more than 5 hours, as shown by the 
plots in Figure 2. This is justified by the 
accelerated strengthening process induced by 
the pre-aging treatment, which effectively 
shortens the aging time required to achieve peak 
hardness, resulting in earlier overaging.  
The comparison of the attainable hardness 
between single and duplex aging revealed that 
duplex-aged Beta C was capable of achieving a 
greater hardness on average than the single-
aged Beta C, shown by the orange curves in 
Figure 2. It is evident that the addition of the 
pre-aging step applied at temperatures within 
the β’+β region, acted to increase the volume of 
precursor β’-phase precipitates within the 
microstructure prior to final aging.  
As a result, there are more locations for the α 
phase to heterogeneously nucleate during final 
aging, which improves the homogeneous 
distribution of the α-phase platelets, and 
ultimately the hardness of the alloy.  
Microstructure Analysis 
The microstructures that were observed with the 
SEM were found to support the hardness results 
collected for each sample. The increase in 
hardness was found to correlate with greater 
volume fractions of the α-phase platelets 
throughout the microstructure. 
Supporting evidence of overaging was also 
found in the microstructures of the duplex-aged 
samples that were aged for more than 5 hours. 
As the α-phase precipitates were noticed to 
become larger, with increasing volume 
fractions of visible and precipitation free β-
phase zones as the aging temperature and time 
increased. 
Comparing the microstructures of the single-
aged samples against the duplex-aged samples 
also supported the difference in measured 
hardness. Figure 3 shows the resulting 
microstructures for the single and duplex-aged 
samples aged at 525℃ for 1 hour. 
Figure 2: Comparison of Single and Duplex-aged Beta C Hardness 
(a) Single and Duplex-aged Beta C at 500℃ (b) Single and Duplex-aged Beta C at 450℃ 
   | 65  
It can be seen that the duplex-aged sample has a 
more homogeneous distribution of the α-phase 
platelets. Whereas, the single-aged sample still 
has large areas of precipitate free β-phase. This 
therefore justifies the difference in hardness 
results, and support the literature behind the 
impact of the pre-aging step used in duplex 
aging. 
{Add discussion of TEM results} 
{Add discussion of XRD results} 
4. Conclusions 
The primary aim of this project was to assess the 
difference between single and duplex aging by 
characterising the respective effects on the 
microstructure and mechanical properties of 
additive manufactured titanium Beta C. A 
conclusion then needed be made on whether 
additive manufacturing had altered the 
mechanical properties of the post-build heat 
treatments. 
Based on the comparison of hardness, tensile 
and compression strength measurements with 
the development of the microstructure, it can be 
concluded that the addition of the pre-aging 
treatment and the resulting increase in volume 
fraction of the α-phase precipitates is what 
characterises duplex-aged from single-aged 
Beta C that has been produced by additive 
manufacturing. 
This outcome is further supported by the 
existing literature for wrought titanium Beta C. 
Therefore, given the similarities in results 
between wrought and additive manufactured 
Beta C that has either been single or duplex-
aged, it can be concluded that the effects of 
additive manufacturing do not significantly 
affect the outcome of the microstructure and 
mechanical properties following post build heat 
treatments. 
{Add recommendations for future work} 
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Figure 3: Beta C, aged at 5252℃ for 1 hour: 
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